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Abstract: Fe-based amorphous alloys are gaining increasing attention due to their 
exceptional wear and corrosion resistance for potential structural applications. Two major 
challenges that are hindering the commercialization of these amorphous alloys are 
difficulty in processing of bulk shapes (diameter > 10 mm) and lack of ductility. Spark 
plasma sintering (SPS) is evolving as a promising technique for processing bulk shapes 
of amorphous and nanocrystalline materials. The objective of this work is to investigate 
densification behavior, nanocrystallization, and mechanical properties of SPS sintered 
Fe-based amorphous alloys of composition Fe48Cr15Mo14Y2C15B6. 
SPS processing was performed in three distinct temperature ranges of amorphous 
alloys: (a) below glass transition temperature (Tg), (b) between Tg and crystallization 
temperature (Tx), and (c) above Tx. Punch displacement data obtained during SPS 
sintering was correlated with the SPS processing parameters such as temperature, 
pressure, and sintering time. Powder rearrangement, plastic deformation below Tg, and 
viscous flow of the material between Tg and Tx were observed as the main densification 
stages during SPS sintering. Micro-scale temperature distributions at the point of contact 
and macro-scale temperature distribution throughout the sample during SPS of 
amorphous alloys were modeled. The bulk amorphous alloys are expected to undergo 
structural relaxation and nanocrystallization during SPS sintering. X-ray diffraction 
(XRD), small angle neutron scattering (SANS), and transmission electron microscopy 
(TEM) was performed to investigate the evolution of nanocrystallites in SPS sintered Fe-
based bulk amorphous alloys. The SANS analysis showed significant scattering for the 
samples sintered in the supercooled region indicating local structural and compositional 
changes with the profuse nucleation of nano-clusters (~4 nm).  
Compression tests and microhardness were performed on the samples sintered at 
different temperatures ranging from 570 °C to 800 °C. Maximum compression strength 
(1.1±0.2 MPa) was obtained for the samples sintered in the supercooled region. Effects of 
crystallization on tribological behavior of sintered samples were also investigated where 
crystallization resulted in increase in wear resistance. Laser surface hardening of SPS 
sintered amorphous samples were performed. Depending on the processing parameters, 
the laser surface irradiation causes structural relaxation and nanocrystallization, resulting 
in surface hardening.  
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1 
 
CHAPTER I 
 
 
INTRODUCTION 
 
1.1 Introduction  
Amorphous alloys or bulk metallic glasses (BMGs) have potential for use in high-
strength structural applications due to properties, such as high hardness, elastic 
modulus/limit, and corrosion and wear resistance. These materials are formed by 
solidifying the liquid melt at high cooling rates (up to 10
6
 K/s) to inhibit the nucleation of 
grains [1]. During solidification, the undercooled liquid becomes more viscous and 
finally solidifies into a structurally arrested amorphous state with a decrease in 
temperature. The first metallic glass, with the composition Au75Si25, was formed by 
Duwez et al. at Caltech, USA in 1960 [2]. This invention led to the use of melt quenching 
for the processing of metallic glasses of several compositions. Metallic glass ribbons and 
powders of various compositions were successfully processed using melt spinning and 
gas atomization techniques, respectively. Two major limitations that have inhibited the 
use of metallic glasses as structural materials are difficulty in processing bulk samples 
(diameter >10 mm) and lack of general ductility [3-5]. 
 
2 
 
1.2 Processing of bulk amorphous alloys and composites 
Inoue et al. proposed three empirical rules that, when followed, result in multicomponent 
amorphous structure at slow cooling rates [6]. These rules are: (1) alloy systems must 
contain at least three elements, (2) the differences in atomic sizes among the three main 
components must be greater than 12%, and (3) there must be a high negative heat of 
mixing of the main three elements. These rules led to the development of different multi-
component alloy systems that retain amorphous structure even when solidification takes 
place at relatively slow cooling rates (0.1 K/s-100 K/s). Fig.1.1 shows the time-
temperature-transformation (TTT) curves for bulk amorphous alloys and conventional 
metallic glasses. The onset time for crystallization of conventional metallic glasses is of 
the order 10
-4
-10
-3
 s at the nose of the TTT curve, whereas for bulk metallic glasses it 
increases to about 10
2
-10
3
 s. A few examples of multicomponent amorphous alloy 
systems recently developed are ZrTiCuNiBe, LaAlNi, FeAlGaPCB, and NbFeCoAl [1]. 
These bulk amorphous alloys have high glass forming ability and wide supercooled 
regions, leading to large temperature ranges for the processing. An alloy with the 
composition (Zr82.5Ti17.5)55(Ni54Cu46)18.75Be26.25 has one of the widest reported 
supercooled regions of 135 K[7].    
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Fig.1.1 TTT diagram showing the high stability of the BMG forming supercooled liquid 
over several thousands of seconds [1]. 
 
Amorphous alloys can be processed using different techniques as classified in 
Fig.1.2 [1]. Amorphous alloys can be processed in the form of powders or ribbons using 
gas atomization and melt spinning, respectively. Gas atomization techniques such as 
centrifugal atomization, gas-water atomization, roller atomization, and water atomization 
have been used in the production of amorphous alloy powders [8-10]. A few examples of 
amorphous powders processed using these techniques are Fe-Si-B, Fe-P-C, Co-Si-B, Ni-
Si-B, Ni-P-B, and Al-Y-Ni [11]. Melt spinning is also widely used to process metallic 
glass ribbons where the thicknesses of the ribbons are limited to ~50 µm [12-14]. A few 
amorphous alloy compositions have lower critical cooling rates (< 10 K/s), and they can 
be cast using conventional casting techniques such as direct casting and suction casting. 
An example of one such alloy composition is Zr41Ti14Cu12.5Ni10Be22.5, which has a critical 
cooling rate of 0.1 K/s [1].  
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Fig.1.2 Schematic showing different approaches for processing amorphous alloy 
powders, ribbons, bulk shapes, and coatings. 
 
1.2.1 Powder metallurgical processing 
An alternative approach for the processing bulk amorphous alloys is through solid 
state sintering, where powders or ribbons of amorphous alloys are consolidated in bulk 
shapes such that the amorphous nature is retained. Several processing methods such as 
hot pressing (HP), hot isostatic pressing (HIP), hot extrusion, and spark plasma sintering 
(SPS) have been investigated for the processing of bulk amorphous alloys [15, 16]. 
Recently, efforts have been made to sinter Fe-based amorphous powder by conventional 
HP [17, 18]. Fig.1.3 shows a typical cross-sectional view of Fe-based amorphous 
materials sintered using HP in the temperature range of 440 °C with a pressure of 1.25 
GPa. In this investigation, high pressure and glassy binders (phosphate glass) were 
required to obtain high densification. The processing of amorphous alloys using HP often 
results in crystallization and low relative density of the sintered compacts [17]. With such 
5 
 
 
limitations, these conventional processes are not optimal for the processing of Fe-based 
bulk amorphous alloys.  
 
 Fig.1.3 A cross-sectional view of hot pressed Fe-based amorphous alloy[17].  
 
1.2.2 Spark plasma sintering (SPS)  
SPS is a novel processing technique in which pulsed direct current and uniaxial 
pressure are applied simultaneously for the processing dense nanostructured and 
amorphous materials. The schematic of an SPS set up is shown in Fig 1.4 (a). SPS 
processing has many advantages compared to conventional casting and to other 
conventional sintering techniques. SPS capabilities allow high heating rates (up to 600 
ºC/min.), short sintering times (less than 30 min.), and sintering done at lower 
temperatures (100-200 ºC less) compared to conventional techniques such as HP and HIP 
[19-21]. The mechanism of SPS involves a sequence of steps in which sintering starts 
with surface activation and rearrangement of powder. The activation is achieved by the 
passage of a direct current on the surface of the powders to remove surface oxide layers 
and other impurities; passage of the current favors the joining of particles by necking due 
6 
 
 
to diffusion and plastic deformation. Thereafter, current flows through the formed neck 
and generates heat due to the Joule effect as shown in Fig. 1.4 (b). The effect of pressure 
is optimum during neck formation and lead to densification.  
 
Fig.1.4 a) SPS setup for processing of bulk amorphous alloys, and b)  current flowing 
through powder particles [22]. 
 
As the current passes through the surface of the powder, localized overheating 
may occur at particle contacts. The localized overheating results in localized melting and 
may enhance diffusion and promote strong inter-particle bonding on the surface and at 
the points of contact between the two particles. During this process, a steep temperature 
gradient is generated along the radius of the particle leaving the inner core of the powder 
7 
 
 
unaffected [21, 23, 24]. The role of direct current during sintering of amorphous alloys is 
still under investigation. Hulbert et al. demonstrated that plasma is not present during 
sintering using in situ atomic emission spectroscopy and ultrafast in situ voltage 
measurement. These experiments were performed on various types of powders, and the 
absence of spark was confirmed on all types of particles [25].  
One of the challenges in SPS processing is the difficulty in measurement of the 
actual sample temperature during sintering. Typically, the temperature is measured by 
placing a thermocouple in the wall of the dies or in the punch. This leads to a difference 
between the sample temperature and measured temperature at the center of the die. The 
difference in temperature depends on thermo-physical properties, such as electrical and 
thermal conductivities of the sample and the die, and on the punch setup used during 
experiments. Temperature gradients also exist across the radial and axial directions of the 
samples, and these influence the uniformity of the properties of the sintered samples. 
Considering these experimental issues, computational efforts have been made to estimate 
the temperature gradient of die, punches, and the sample during SPS processing [26, 27]. 
Molenat et al. compared the measured temperature gradient at different radial positions 
of the die during SPS experiments to that of the temperatures obtained through 
computational methods. The computed temperature difference between the external wall 
of the die and sample was found to be 100 ºC. During sintering, the temperature 
difference is lower at lower temperatures than at higher temperatures [28, 29]. 
Investigating temperature distribution during SPS processing of amorphous alloys is 
necessary in order to facilitate design processing for fully dense amorphous or 
amorphous-nanocrystalline composite with controlled crystallization.  
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1.2.3 SPS of bulk amorphous alloys and composites  
Recently, investigations were made on SPS of amorphous alloys and its 
composites.  In order to retain the amorphous structure, it is essential to sinter the 
amorphous powder well below the crystallization temperature (Tx). Many investigations 
into SPS processing involve usage of tungsten carbide (WC) tooling; WC is extremely 
brittle, and therefore, unreliable and uneconomical when compared to graphite tooling 
[30, 31]. In most of the investigations involving SPS of bulk amorphous alloys and 
composites, processing parameters such as temperature, pressure, and sintering time were 
optimized to obtain dense samples and improved mechanical properties. This section 
reviews the processing conditions and various characterizations performed on SPS of 
amorphous alloys.  
Kim et al. examined SPS of Cu54Ni6Zr22Ti18 amorphous alloy powder [30, 31]. 
Samples were processed at 743 K for 60 s using a uniaxial pressure of 280 MPa. A disc 
of 20 mm diameter and 5 mm thickness was obtained, and x-ray diffraction (XRD) 
confirmed the amorphous nature of the processed bulk amorphous alloys. The thermal 
stability of the sintered sample decreased compared to that of the initial powder due to 
partial devitrification of the amorphous alloy during sintering as demonstrated using 
differential scanning calorimetry (DSC). Kim et al. also investigated the dependency of 
hardness and compressive strength on particle size. A decrease in particle size of 
amorphous alloys resulted in better densification and an increase in glass forming ability 
of amorphous alloys; both improve the mechanical strength of the alloy. SPS of Mg-
based amorphous alloys Mg55Cu30Y15 and Mg55Cu30Gd15 resulted in a fully dense bulk 
amorphous alloy. An SEM micrograph of indentation reveals pile ups and shear bands 
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indicating the characteristics of amorphous alloys. The lack of cracks indicate a high 
fracture toughness of sintered BMG; however, the effect of density on microhardness and 
fracture toughness was not evaluated [31, 32].  
High pressure (500 MPa) SPS sintering of Ti50Cu23Ni20Sn7 amorphous powder 
was investigated by Li et al. [33]. Sintering was performed for a short time (1 min.) at a 
temperature of 763 K, between the glass transition temperature (Tg) and the 
crystallization temperature (Tx). The compressive strength of the sintered sample was low 
compared to the bulk amorphous alloy processed using the arc melting technique with the 
same composition. The low compressive strength was due to sintering defects such as 
porosities and high thermal residual stresses.  
The microstructure and mechanical properties of Cu-based amorphous alloy was 
investigated by Kim et al. A 6% decrease in the compressive strength of SPS sintered 
samples compared to casted specimens was reported [34]. This reduction in compressive 
strength was due to the presence of pores, defects, and oxides.  Porous bulk metallic 
glasses can be processed by varying SPS parameters such as pressure and temperature. 
Xie et al. investigated the processing of porous Zr55Cu30Al10Ni5 using SPS. It was 
demonstrated that porosity of the BMG can be varied from 4.7% to 33.5% by varying the 
sintering temperature and pressure [35]. The porous bulk amorphous alloy discs exhibited 
an increase in ductility; however, Young’s modulus and fracture strength showed a lower 
value than as-cast alloy specimen.  
Wang et al. developed an FEM model for analyzing temperature gradient during 
SPS processing. Modeling results showed that the temperature at the center was 10-20 ºC 
higher than that at the edge of the sample [36]. This shows that there is a temperature 
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gradient between the center and outer edge of the sample which leads to heterogeneous 
properties. It is likely that the central portion will have greater numbers of 
nanocrystallized particles than will the outer edge of the sample. Due to the increased 
number of nanocrystals, the center of the sample demonstrated higher hardness and 
elastic properties compared to the outer region. In summary, research has demonstrated 
that SPS is an efficient processing technique for bulk amorphous alloys. However, there 
are a number of challenges that remain to be addressed. 
 
1.3 Amorphous alloys composites 
Amorphous matrix composites are generally classified into two categories 
depending upon the processing history and microstructure of the composites: ex situ and 
in situ composites. Ex situ composites are formed by reinforcing crystalline particulates 
in the amorphous matrix during processing. Reinforcing the crystalline particles within 
the amorphous matrix hinders the brittle failure of the materials by impeding the growth 
of shear bands [37-39]. Lee et al. studied the ductility of a Ta-reinforced, Cu-based 
amorphous matrix composite [40]. An enhanced fracture strain of 15.3% was observed in 
the Cu-based amorphous composite compared to the monolithic amorphous alloy. It was 
also observed that crystalline particles act as barrier for the propagation of shear bands, 
which results in plasticity of the amorphous composite.  
Formation of nanocrystallites in the amorphous matrix is thought to enhance the 
tribological properties of amorphous alloys. Maddala et al. investigated the response of 
sliding wear on crystallization of Cu-based amorphous alloys [41]. Formation of 
nanocrystallites in the amorphous matrix resulted in an increase of hardness and wear 
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properties of the materials. Annealing of bulk amorphous alloys resulted in the formation 
of precipitates of nanocrystallites. The nanocrystallites can act as initiation sites for shear 
bands and hence results in plasticity of amorphous alloys. Gloriant studied the effect of 
crystallization on properties of Zr, Pd, La, and Al-based metallic glasses and showed that 
nanocrystallization results in enhancement of hardness and wear resistance. This 
hardening was mainly due to the presence of high-strength, nano-phase particles and 
solute enrichment in the amorphous matrix [42]. Li et al. investigated the wear behavior 
of Zr-based BMG and observed that wear resistance of the crystallized sample was higher 
than the fully amorphous alloy; the least wear resistance was observed for the relaxed 
amorphous alloy [43]. 
 
1.4 Fe-based amorphous alloys  
Fe-based amorphous alloys are attractive for structural applications due to their 
high hardness/strength and exceptional wear and corrosion resistance. It has been 
reported that the strengths of Fe-based amorphous alloys are about two to three times 
those of austenitic steels [44] . It is difficult, however, to form bulk useful shapes of these 
alloys using conventional casting processes [44-47]. Although significant efforts have 
been made to improve the formability of the alloys by compositional design (e.g., by 
addition of yttrium and lanthanide elements), the maximum attainable diameter for the 
best glass forming system is limited to 9-12 mm [45]. Table 1.1 presents a list of Fe-
based amorphous alloys developed and some of their key thermal and mechanical 
properties. Micrometer-sized powder particles can be readily produced using inert gas 
atomization processes.  
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Table 1.1: Thermal properties, mechanical properties, and maximum attainable diameters 
(D) of Fe-based bulk amorphous alloys. σf is fracture strength, εpl is plastic strain, G is 
modulus of rigidity, and E is Young’s modulus. Data from [44]. 
 
 Alloy Compositions D 
(mm) 
Tg 
(°C) 
Tx 
(°C) 
σf 
(GPa) 
εpl 
(%) 
G 
(GPa) 
  E 
(GPa) 
Fe65Mo14C15B6 1.5 516 570 3.8 0.6 73 195 
(Fe0.9Co0.1)64.875Mo14C15B6Er0.125 2 508 569 3.95 0.5 73 193 
(Fe0.9Co0.1)64.75Mo14C15B6Er0.25 3 509 570 3.9 0.45 73 193 
(Fe0.9Co0.1)64.5Mo14C15B6Er0.5 4 517 572 4.1 0.55 73 192 
(Fe0.9Co0.1)64.25Mo14C15B6Er0.75 4 508 565 4.0 0 73 193 
(Fe0.9Co0.1)64Mo14C15B6Er1 3.5 503 557 4.0 0 73 196 
(Fe0.9Co0.1)63Mo14C15B6Er2 1.5 494 536     
(Fe0.7Co0.3)64.5Mo14C15B6Er0.5 3 505 571     
(Fe0.7Co0.3)64Mo14C15B6Er1 3 497 553     
Fe61Cr4Mo14C15B6 2 527 580     
Fe59Cr6Mo14C15B6 1.5 533 585 4.4 0.8 77.4 204 
Fe50Cr15Mo14C15B6 1.5 556 601 4.17 0 82 217 
Fe60.5Cr4Mo14C15B6Er0.5 3 530 586 4.0 0 76.6 202 
Fe63Mo14C15B6Er2 3 504 546 4.0 0 77.8 204 
Fe55Cr8Mo14C15B6Er2 >4     80 209 
Fe48Cr15Mo14C15B6Er2 12 570 620 4.2 0 81 213 
 
Several efforts have been made to realize the potential of these alloys by forming 
bulk shapes using sintering processes (conventional and spark plasma sintering) or by 
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forming coatings using high energy processes (thermal spray and laser processing) [17, 
48-52]. Most of these processes result in nanocrystallization in the amorphous matrix 
[44-47].  
Fe-based amorphous alloys that can be used for structural applications are 
popularly known as structurally amorphous metals (SAMs). SAMs are corrosion resistant 
[53, 54], and these alloys have been successfully coated on different substrates using 
thermal spray techniques. Fig.1.5 shows the high velocity oxy fuel coating of SAM1651 
on half scale spent nuclear fuel prototypical waste package. These coatings perform 
better than steel components, as only running rust was formed on the SAM during the 
corrosion test, whereas an aggressive attack was observed on steel components [55]. 
These materials also have applications as neutron-absorbing components for long-term 
disposal of nuclear wastes packages due to their exceptional neutron absorption 
characteristics and stability at high doses of neutrons.  
 
Fig.1.5 High-velocity oxy-fuel (HVOF) coating of SAM 1651 on half-scale spent nuclear 
fuel prototypical waste package [55].  
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1.5 Crystallization and thermal stability   
As different non-conventional techniques are used to process amorphous alloys in 
bulk shape, it is essential to investigate the thermal stability and crystallization kinetics 
during these processes. The crystallization of amorphous alloys involves a combination 
of phase separation, decomposition, nucleation of crystallites, and growth. Investigations 
have been performed to understand these processes using different characterization 
methods to isolate one crystallization mechanism from another [56, 57]. Transmission 
electron microscopy (TEM), DSC, XRD, and small angle neutron scattering (SANS) 
have been used in different combinations to investigate the phase transformations in 
amorphous alloys.  
Pekarskaya et al. investigated the crystallization path of Zr-based bulk metallic 
glass using DSC, TEM, and SANS. An interference maximum was observed in the in situ 
SANS experiments during isothermal annealing in the supercooled liquid state due to the 
decomposition of the metallic glass. TEM of the annealed samples in the supercooled 
region showed the formation of inhomogeneity in the amorphous composition in 
agreement with the SANS results [58]. The crystallization of Vit-105 and Vit-106 bulk 
amorphous alloys was studied by Loffler et al. using SANS and TEM. SANS results 
showed no scattering for the as-received sample, whereas an interference maximum was 
observed in samples annealed near the glass transition temperature. This interference 
maximum shifted towards lower Q-range with increases in annealing time mainly due to 
chemical redistribution and an increase in the crystallite size. In this investigation, the 
Guinier approximation was used to calculate the effective crystal diameter, and the 
calculated value agreed well with the TEM results [58, 59]. Holland et al. studied the 
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effects of direct current on the crystallization of Zr-based and Pd-based metallic glasses 
using in situ SANS experiments. It was observed that, for the same annealing 
temperature, the presence of a direct current resulted in a stronger scattering than in the 
absence of a direct current. A direct current has a larger impact on volume fraction as 
well as crystallite size during the crystallization of amorphous alloys [60].  
 
1.6 Laser surface modification of bulk amorphous alloys  
The tailoring of amorphous alloy surfaces without affecting the bulk is equally 
important for various wear and scratch resistant applications. Owing to their ability to 
attain high cooling rates (~10
5
-10
8
 K/s) during solidifications, lasers have been used to 
process bulk amorphous alloys and modify their structural properties [61-64]. Lasers are 
used to induce amorphous coatings on different substrates, to modify the residual stress 
distribution, to induce surface melting, and to heat or anneal bulk amorphous alloys. 
Chen et al. investigated the effects of Nd:YAG laser surface treatment on the mechanical 
properties of Zr-based bulk amorphous alloys. Laser-induced surface melting resulted in 
an increase in plastic strain (5.3%) mainly due to the redistribution of residual stress and 
increase in the free volume of the laser melted surface. Residual stress distribution and 
increase in the free volume may lead to an increase in initiation of multiple shear bands 
that can further increase the plasticity [64].  
Hoekstra et al. investigated pulsed excimer laser surface modification of 
crystalline Al-Co-Ce. Results show the formation of an amorphous composite phase 
(Al84Co7.5Ce8.5) with an embedded nanocrystalline phase of Al4Ce [65]. Enhancement in 
corrosion resistance was also observed due to the formation of an amorphous composite 
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layer after laser treatment. Jing et al. investigated the crystallization and thermal fatigue 
response of Zr-based amorphous alloys after CO2 laser pulse heating. Cracks were 
observed after cyclic laser heating of the bulk amorphous alloy surfaces due to the 
generation of internal stresses between heated and unheated regions. Cracks were 
observed after a low number of cycles and well below the crystallization temperature. 
This indicated the low crack resistant nature of these alloys under thermal loading. The 
structural changes induced by thermal relaxation played a significant role in the 
formation of cracks [66]. 
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CHAPTER II 
 
 
OBJECTIVES AND PROPOSED WORK 
 
Amorphous alloys exhibit high microhardness, fracture toughness, and fracture 
strength at ambient temperature. These outstanding properties are mainly due to the 
disordered atomic arrangements and absence of grain boundaries and defects in the 
microstructure of these amorphous alloys. Despite these exceptional properties, 
utilization of amorphous materials for structural applications has been limited; this is 
primarily due to difficulties in fabrication of large (bulk) samples using conventional 
casting techniques. However, the amorphous powder of various glass forming 
compositions can be readily prepared using gas atomization process. Recently, SPS has 
evolved as a novel technique for sintering amorphous powder into bulk shapes without 
undesirable phase transformations. SPS involves combined application of pulsed direct 
current and uniaxial pressure to consolidate difficult-to-sinter materials [19, 26].  
Development of Fe-based bulk amorphous alloys having composition 
Fe48Cr15Mo14Y2C15B6 is considered important due to its excellent corrosion and wear 
resistant properties [55].  With the overarching objective of processing fully dense Fe-
based bulk amorphous alloys using spark plasma sintering, many fundamental effects 
were investigated during this research for this dissertation such as: (1) densification 
behavior under the influence of current; (2) thermal effects at the micro- (at 
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Particle contacts) and macro-scales (in bulk samples); (3) effects of SPS processing on 
structural relaxation, crystallization, and evolution of nanocrystallite size distribution; 
and (4) effect of partial crystallization (thermal annealing and laser treatment) on 
tribological behavior of bulk amorphous alloys and their modified surfaces.  
 
2.1 Processing, densification, and temperature distribution of SPS of Fe-based bulk 
amorphous alloys  
A few studies have been performed on SPS of bulk amorphous alloys; however, 
little emphasis was given to the densification behavior or the characterization of 
amorphous/partial crystallized phases [67]. In the present investigation, SPS of Fe-based 
bulk amorphous alloys was performed at different temperatures below Tg ranging from 
475 ºC to 575 ºC at a pressure of ~225 MPa for different soaking times. Densification 
behavior and phase transformations of SPS-sintered samples were analyzed, and these 
results were correlated to microhardness and fracture toughness.  
Fe-based amorphous alloys can be sintered in the supercooled region above Tg 
and below Tx1, where viscous flow of the material enhances sinterability. Processing of 
bulk amorphous alloys in the supercooled region was previously investigated by Schroers 
et al. using thermoplastic forming (TPF), where bulk amorphous alloys are reheated in 
the supercooled region to obtain required shapes [3]. SPS was performed at 630 ºC 
(within Tg and Tx), 70 MPa, and a sintering time of 10 min. Densification behavior during 
SPS was investigated using punch displacement data and was correlated to the DSC of 
the as-received Fe-based amorphous powder. Experiments were performed to separate 
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the effects of pressure, temperature, and change in viscosity in the supercooled region 
during SPS sintering. 
Due to the narrow supercooled region, the accuracy of measurement of sintering 
temperatures and the temperature distribution play a crucial role in obtaining fully dense 
amorphous alloys or amorphous alloy composites with controlled crystallization. Thermal 
models are also important for the analysis of scalability of SPS process for making bulk 
samples. Analytical and thermal models were developed for the SPS sintering of Fe-
based bulk amorphous alloys. Many investigators have proposed that the presence of 
localized heating and melting at the surface contact of the amorphous powder allow the 
core of the powder to remain at lower temperatures [23, 24, 68]. Fundamental analytical 
calculations were made to investigate temperature distribution along the diameter of the 
particle with the resistivity of the amorphous alloy and electric current as input 
parameters.  A three dimensional finite element thermo-electric model for the SPS 
processing was developed. This model was used to predict the temperature distribution in 
the tooling and also in the amorphous sample during various stages of sintering.  
 
2.2 Effects of SPS processing on structural relaxation, crystallization, and evolution 
of nanocrystallites size distribution 
Fe-based amorphous alloys are expected to undergo structural relaxation due to 
thermal processing. The mechanisms of structural relaxation on crystallization behavior 
of amorphous materials are not well understood. Some studies indicate that the 
crystallization initiates at the separation of two or more amorphous phases. In addition, in 
order to relate crystallization behavior with the mechanical properties of bulk amorphous 
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alloys, it is essential to obtain crystallite size distribution of the partially crystallized 
samples. Our current knowledge of phase transformations in amorphous materials is 
mostly built upon patterns obtained from ex situ x-ray diffraction on samples that had 
undergone such transformations. The lack of in situ time-resolved data collected at 
different stages of crystallization leaves many unresolved questions, particularly related 
to mechanisms of nucleation and growth. In this investigation, phase separation, 
crystallization, and grain growth mechanisms in structurally relaxed Fe-based amorphous 
materials were investigated using both ex situ and in situ SANS. In addition, these 
experiments facilitated quantification of crystallites present in bulk amorphous samples, 
which further were related to the mechanical behavior of these alloys. 
In this investigation, SANS experiments on SPS-sintered Fe-based amorphous 
alloys were conducted at the extended Q-range SANS at the Spallation Neutron Source at 
the Oak Ridge National Laboratory (ORNL).  In situ SANS experiments at elevated 
temperatures (up to 800 °C) were conducted using a general-purpose small angle neutron 
scattering diffractometer (CG-2) available at the high flux isotope reactor (HFIR) facility 
at ORNL. The objective of SANS experiments on different spark plasma sintered Fe-
based bulk amorphous alloys was to investigate any cluster formation in the supercooled 
region that was not detectable by XRD. SANS data can also be fitted to obtain particle 
size distribution of the crystallites, which is crucial for relating it to crystallization 
mechanisms and mechanical properties.  
Scattering intensity data at various Q values [variation of scattering intensity S 
(cm
-1
sr
-1
) with scattering vector Q-values (Å
-1
)] were obtained. Any spatially correlated 
inhomogeneities at nanometer scale were indicated by the changes in the scattering 
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intensity. Such in situ SANS results were used in combination with TEM and DSC data 
to investigate the crystallization pathways. Possible pathways include crystallization 
triggered by “quenched-in” nuclei acting as heterogeneous nucleation sites or the 
crystallization triggered by separation of amorphous matrix into two amorphous phases.  
 
2.3 Effects of nanocrystallization (thermal annealing and laser treatment) on the 
mechanical and tribological properties 
The effect of annealing at two different temperatures, 700 °C and 800 °C, was 
performed on SPS-sintered bulk amorphous alloys to investigate the effect of partial 
crystallization on microhardness and wear behavior. Detailed investigations were also 
performed on the effect of indentation loads on microhardness. In theory, the hardness of 
bulk amorphous alloys should be independent of applied loads; however, a dependence 
on applied load was observed during experiments. Reasons for this dependence are 
discussed below. Wear behavior was analyzed for SPS-sintered and annealed samples, 
and the likely mechanisms involved in wearing of the Fe-based bulk amorphous alloys 
are presented. Wear track and wear debris characterization were used to investigate the 
wear behavior of amorphous and partially crystallized bulk samples. Mechanical tests 
such as microhardness and compression tests were performed on the sintered samples. 
Microhardness and compression test data were correlated with the densities, crystallite 
size, and degree of crystallization. 
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CHAPTER III 
 
 
EXPERIMENTAL DETAILS 
 
3.1 Materials 
A Fe-based amorphous alloy having composition Fe48Cr15Mo14Y2C15B6 was used 
in this investigation. Fe-based amorphous powders were prepared using a high pressure 
gas atomization technique. A mixture of pure elemental powders Fe, Cr, Mo, Y, B, and 
C, with the nominal chemical composition of Fe48Cr15Mo14Y2C15B6, were melted under a 
high purity Ar atmosphere and then atomized using high purity inert gas. This powder 
was prepared under program name DARPA Structural Amorphous Metals (SAM), where 
amorphous alloys based on iron, magnesium, titanium and aluminum were fabricated [45, 
69].  
 
3.2 SPS of Fe-based amorphous powder 
The SPS technique was used to consolidate the Fe-based amorphous powder. Two 
different toolings were used for the consolidation of the amorphous powder. In the first 
set of experiments, WC dies and punches were used for high pressure (225 MPa) 
experiments, and temperatures were varied from 475 °C to 575 °C. Temperature during 
sintering was measured using a K-type thermocouple.  Simultaneous uniaxial pressure up
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to 225 MPa was applied during the sintering process experiments. Experiments were 
performed using, graphite dies and punches and sintering temperatures were varied from 
570 ºC to 800 ºC at a uniaxial pressure of 70 MPa.  A typical processing cycle consisted 
of three steps: (1) rapid heating at a rate of 100 °C/min., (2) holding for 15 min. at the 
processing temperature, and (3) rapid cooling using nitrogen purging (cooling rate ∼150 
°C/min.). All the samples were sintered in a closed furnace in a vacuum of 10-2 Torr. The 
diameters and thicknesses of the discs obtained were 20 mm and 1 mm, respectively. 
Punch displacement data were collected with respect to sintering temperature, pressure, 
and time during the SPS processing.  
 
3.3 Laser surface modification  
A 2.5 kW continuous wave ytterbium-doped Nd:YAG laser beam at a wavelength 
of 1.064 µm was used to perform laser-induced surface modification. The laser system 
was equipped with a ﬁber optic beam delivery system. The laser power was 100 W, and 
scan speeds from 80 mm/s to 120 mm/s were used to process the bulk amorphous alloys.  
 
3.4 X-ray diffraction (XRD)  
XRD analysis of the processed bulk amorphous alloys was carried out using a 
Philips Norelco X-ray diffractometer operating with Cu (Kα = 1.54178 Å) radiation at 45 
kV and 40 mA. The diffraction angle was varied between 30° and 70° at a step increment 
of 0.02° with a count time of 1 s. The crystallite size for SPS-sintered partially 
crystallized Fe-based amorphous samples was calculated using the Scherrer equation:  
                                                          
  
     
   
 
                                              (3.1) 
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where FWHM is full width, half maxima in 2θ degrees, D is the crystallite size in nm, K 
is constant (0.94), and λ is the wavelength of Cu Kα radiation [70]. 
 
3.5 Extended Q-range small angle neutron scattering (EQ-SANS) 
EQ-SANS experiments were performed at beam line 6, Spallation Neutron Source 
at the ORNL, Tennessee, USA. This newly designed facility is known for its wide Q-
coverage, high neutron beam intensity, and excellent wavelength resolution [27]. 
Experiments were performed using a Q-range of 0.004 Å
-1 
to 0.5 Å
-1 
where Q is 4πSinθ/λ 
and θ is half of the scattering angle. The sample to detector distance was 4 m, and the 
detector to source distance was 1.8 m. SANS scans were performed on as-received 
amorphous powder as well as sintered samples of thickness ~1 mm. Experiments were 
performed with a starting wavelength of 1.96 Å. Data collection time lasted for 1 hour 
per sample. Appropriate data reductions were performed using a data processing program 
developed by Zhao et al. to accommodate factors such as transmission and thickness of 
the samples [27]. Irena software was used for modeling and analysis of the EQ-SANS 
results. A size distribution analysis tool available in the Irena analysis package was used 
to determine the crystallite size [71].  
 
3.6 Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) 
The characterization of microstructure of sintered discs was conducted using a 
Joel JSM-6360 SEM. The chemical characterization of the constituents in the amorphous 
alloys was conducted using EDS. An FEI Quanta 600 field-emission gun environmental 
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scanning electron microscope with an Evex EDS X-ray microanalysis system and a HKL 
EBSD system was used for EDS analysis. 
 
3.7 Transmission electron microscope (TEM) 
Sintered bulk amorphous alloys were polished using SiC polishing papers to a few 
microns. TEM samples were prepared using an FEI Nova 200 Nano Lab dual beam 
focused ion beam (FIB) technique. A detailed microstructure analysis was conducted 
using an FEI Tecnai F20 field emission gun TEM operated at 200 KV. 
 
3.8 Differential scanning calorimetry (DSC) 
DSC analysis of the samples was conducted using an SDT Q600 V8.2 Build 100 
instrument at a heating rate of 20 ºC/min. Alumina crucibles were used for the 
experiments and Ar was used as protective gas. A sample mass of 10 mg was used for the 
experiments.  
 
3.9 Microhardness and fracture toughness 
A Clark’s microhardness tester was used for measuring hardness by performing 
indentations at a load of 2.94 N and a holding time of 12 s. About 15 microhardness 
readings were taken on each sample, and an average value was reported. Fracture 
toughness (KIC) was obtained using a direct crack measurement method. The fracture 
toughness, KIC, is given by  
                                                    
 
 
 
 
 
 
 
 
 
                                                        (3.2) 
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where E is the Young’s modulus (GPa),  H is the Vickers hardness (GPa), P is the 
applied load (N), and c is the diagonal crack length (m). The literature value of 200 GPa 
for the Young’s modulus of Fe-based amorphous alloys was used for fracture toughness 
calculations. The fracture toughness was obtained for 10 indentations on each sample, 
and the average value was reported [72]. 
 
3.10 Wear test 
The wear tests were performed on the polished bulk amorphous samples using a 
ball-on-disc tribometer at a load of 10 N and 136.3 rpm disc rotation. A 3-mm diameter 
alumina (Al2O3) ball was used as a counter body to create a wear track of 6 mm in 
diameter on the sample surface. The weight loss was recorded as a function of linear 
sliding distance. The sample surfaces before and after wear were analyzed using an SEM 
equipped with an EDS detector. Depth profiles of the wear scars obtained after the wear 
test were measured using a non-contact optical profilometer. 
 
3.11 Compression test 
Compression tests of the Fe-based BMG samples having a diameter to length ratio 
of 1:2 were performed using an Instron 5582 series Universal testing machine. Three 
samples were tested for each processing condition, and the average compressive strength 
value was reported. 
 
3.12 Laser thermal modeling  
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A three-dimensional thermo-physical model using COMSOL was developed to 
investigate temperature distribution, heating and cooling rates, and thermal gradient along 
the thickness of the material during laser-induced surface modification of the Fe-based 
bulk amorphous alloys. A disc of diameter 20 mm and thickness 1 mm was considered as 
the sample dimension for the analysis. Equation 3.3 presents energy balance between the 
total heat flux and the temperature rise within the sample:  
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Appropriate boundary conditions such as conduction, convection, and radiation were 
applied using equation 3.4:  
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Tables 3.1 and 3.2 present laser parameters and thermo-physical material properties, 
respectively, used in the modeling of laser-induced surface modification of bulk 
amorphous alloys.   
 
Table 3.1: Parameters involved in laser surface treatment of Fe-based amorphous alloys 
Name Value Unit 
Total laser power (P) 100 W 
Laser velocity (U) 90  mm/s 
Spot radius (r) 0.3  mm 
Irradiation time (tp) 10  Mm/U 
Boltzmann const. (σ) 5.67x10-8 W/(m2.K4) 
Emissivity (E) 0.4  
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Name Value Unit 
Absorption coef. (Ac) 6.7  1/cm 
Heat transfer coef. (F) 2500 W/((m
2
).K) 
Initial temp. (To) 298 K 
 
Table 3.2: Materials properties used in laser surface modeling of Fe-based bulk 
amorphous alloys [52] 
Name Value Unit 
Heat capacity at constant pressure (Cp) 750 J/(kg.K) 
Density (ρ) 7500 kg/m3 
Thermal conductivity (k) 40 W/(m.K) 
Thermal convectivity (h) 2500 (W/m
2
K) 
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CHAPTER IV 
 
 
RESULTS AND DISCUSSIONS 
 
4.1 Characterization of as-received amorphous alloy powder 
A Fe-based amorphous alloy having composition Fe48Cr15Mo14Y2C15B6 was used 
in the investigation. Fig 4.1 (a) shows a SEM image of amorphous particles and their 
morphologies. The amorphous alloy particles were mostly spherical and elliptical in 
shape.  Fig. 4.1 (b) shows particle size distribution of amorphous alloys obtained using a 
sieving machine. The size of the particles varied from less than 20 µm to greater than 200 
µm. The amorphous powder particles of size less than 100 µm amounted to about 82 % 
by weight of the as-received powder. The particle size distribution plays a significant role 
in the densification and sintering of amorphous powders. German demonstrated that wide 
distribution of particle size results in high packing and sintering densities[73]. For wide 
particle size distribution, the sintering is dominated by densification of the larger 
particles, whereas the smaller particles help in attaining high packing density [73]. 
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Fig 4.1 a) SEM image, and b) particle size distribution obtained by sieving of as-received 
Fe-based amorphous powder.  
 
 
Fig 4.2 a) DSC scan, and b) XRD of as-received Fe-based amorphous powder [49]. 
 
 DSC scan of the as-received amorphous powder is presented in Fig 4.2 (a). The 
powder exhibited characteristic behavior associated with amorphous materials with 
distinct glass transition temperature at 575 °C followed by double exothermic peaks 
corresponding to crystallization temperatures, Tx1 and Tx2. The results confirmed the 
glassy structure of the alloy powder prior to SPS. XRD of the amorphous powder is 
shown in Fig 4.2 (b). A broad halo diffused peak which is characteristic of the amorphous 
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phase was formed between the 2Theta positions between 35º and 55º having maximum 
peak position at 42º.  
4.2 SPS of Fe-based bulk amorphous alloys below glass transition temperature 
In an attempt to maximize the density and retain the amorphous composition, 
various combinations of SPS processing parameters (sintering temperature, pressure, and 
holding time) were explored. A summary of SPS processing parameters used in present 
investigations is presented in Table 4.1. Initial sintering experiments were conducted at 
475 °C, the temperature almost 100 °C lower than glass transition temperature to 
maximize the chances of retaining amorphous composition. The vertical force of 225 
MPa was used in all the sintering experiments.  
Table 4.1:  Processing conditions, crystallite size, and properties of SPS sintered Fe-
based bulk amorphous alloys. 
Sample 
ID 
Sintering 
Temperature 
(ºC) 
Holding 
Time 
(min.) 
Relative 
Density 
    (%) 
Crystallite 
size 
(nm) 
Hardness 
(HV) 
Fracture 
toughness 
MPa-m
1/2
 
A 475 5 92.76 - -  
B 475 10 94.13 - -  
C 550 20 98.86 9.9 1341±60 1.67±0.3 
D 575 20 99.07 11.7 1230±57 1.58±0.3 
 
The sintering experiments were conducted using a WC die with a thermocouple placed 
inside the wall of the die for temperature measurement. Around 7 g of amorphous powder 
was used to sinter each disc specimen of 12 mm diameter and 10 mm height. 
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4.2.1 Phase analysis   
Fig 4.3 presents the XRD patterns obtained from as-received amorphous powder 
and compacts sintered with various processing parameters (sintering temperature and 
holding time). As-received powder exhibits a characteristic broad halo with diffused 
intensity indicating a fully amorphous structure. The SPS sintered compacts at a 
temperature lower than the glass transition temperature also exhibit fully amorphous 
structure (samples A and B). To understand the influence of sintering temperature on the 
phase evolution, two specimens were sintered at temperatures close to the glass transition 
temperature of the amorphous alloy (samples C and D). XRD patterns from these samples 
exhibit predominantly amorphous background with superimposed crystalline peaks 
corresponding to Fe23(C, B)6 indicating formation of an amorphous matrix containing 
crystalline phases. 
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Fig 4.3  XRD of SPS sintered Fe-based amorphous alloys at different processing 
conditions [49]. 
 
Table 4.1 also presents the average crystallite size of the crystalline phases 
determined from the peak broadening in XRD pattern using Scherer’s equation. It is clear 
that the crystallite size increases from 9.9 to 11.7 nm with an increase in sintering 
temperature from 550 to 575 °C. It should be noted that the sintering temperatures 
reported in these studies were measured using a thermocouple placed inside the die wall 
during sintering. The actual temperature inside the specimen may be significantly higher 
than temperature at the die wall. In view of this, the appearance of superimposed 
crystalline peaks in XRD patterns of samples sintered at temperatures well below the 
crystallization temperatures (Tx1 and Tx2) may be attributed to the local overheating of the 
particle surfaces during sintering.  
 
4.2.2 Densification behavior  
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Relative densities of the sintered compacts sintered at various processing 
conditions are presented in Table 4.1. At sintering temperature 100 °C lower than glass 
transition temperature (samples A and B), increasing sintering time improves the 
densification while retaining bulk amorphous composition. Thus, highly dense (95%) 
fully amorphous compositions can be obtained within a short sintering time (5–10 min.) 
by SPS. Fig. 4.4 presents the representative microstructures of the amorphous powder 
sintered at 475 ºC and 550 ºC. The microstructure of the compacts sintered at 475 ºC 
clearly indicates the porous structure in the sintered samples (Fig 4.4 a). The amorphous 
powders achieve nearly 99% relative density in the compacts after sintering in the range 
of 550–575 ºC. The featureless microstructure of the polished surface in the compact 
sintered at 550 ºC indicates primarily amorphous structure (Fig 4.4 b).  
 
 
Fig 4.4 Microstructures of amorphous compacts SPS sintered at: a) 475 ºC, and b) 550 ºC 
[49]. 
 
To gain more insight into the densification behavior of the amorphous materials 
during SPS, the displacement of the punch was monitored during the sintering process. 
Fig. 4.5 presents the typical variation of actual temperature and punch displacement over 
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time during sintering of the amorphous powder. The figure indicates that almost all of the 
total punch displacement takes place during the heating stage of the sintering cycle with 
negligible punch displacement during the holding stage. This suggests that the heating 
stage of sintering cycle plays an important role in the densification of the compacts while 
the holding stage of the sintering cycle is primarily characterized by structural 
transformations such as devitrification of amorphous phases. 
 
 
Fig 4.5 Typical variation of temperature and punch displacement during SPS of 
amorphous powder (sintering temperature: 575 °C, holding time: 20 min.) [74].  
 
4.2.3 Microhardness and fracture toughness 
Table 4.1 also presents the microhardness and indentation fracture toughness of 
SPS sintered samples C and D. Note that due to porous structure in the samples sintered 
at low temperature (samples A and B), reliable/repeatable readings of the microhardness 
and fracture toughness could not be obtained. As indicated in the table, near-fully 
sintered samples exhibit very high Vickers hardness (1200–1400 HV). A slight decrease 
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(100 HV) in hardness with an increase in sintering temperature from 550 to 575 ºC may 
be associated with the enhanced nucleation/growth of crystalline phases in the amorphous 
matrix. As discussed earlier, the change in sintering temperature is associated with 
increase in crystallite size. Fig. 4.6 presents the SEM micrograph of a Vickers hardness 
indentation made on polished the surface of a spark plasma sintered compact (sample C: 
550 ºC, 20 min.). The polished surface does not show any surface porosity, indicating full 
densification of the amorphous powder under prevailing SPS processing conditions. The 
micrograph clearly indicates the cracks emanating from the corners of indentation. The 
formation of slip markings adjacent to some of the faces of the indentation is consistent 
with the earlier reports on indentation of amorphous alloys [75]. The fracture toughness 
of the near-fully sintered compacts is found to be in the range of 1.2–2.0 MPa m1/2. Such 
low values of fracture toughness represent the brittle nature of amorphous compacts. 
Since Vickers hardness of the amorphous compacts decreased with the increased 
sintering temperature (550–575 ºC), a slight decrease in indentation fracture toughness 
(0.1 MPa m
1/2
) with increasing sintering temperature seems unexpected. This may be due 
to combined effect of porosity, embedded crystalline phases, and residual stresses in the 
sintered compacts. In summary, SPS of amorphous powder (Fe48Cr15Mo14Y2C15B6) at 
sintering temperature of about 100 °C lower than glass transition temperature results in 
highly dense (~95%) fully amorphous compacts. Formation of crystalline Fe23(C, B)6 
phases within a near-fully dense (~99%) amorphous matrix is observed at a sintering 
temperature close to the glass transition temperature (which is significantly less than the 
crystallization temperatures: Tx1 and Tx2). 
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Fig 4.6 SEM micrograph of a Vickers hardness indentation made on a polished surface of 
a SPS sintered compact (sample C: 550 °C, 20 min.) [49]. 
 
Microstructure evolution in the sintered compacts indicated that density, degree of 
crystallinity, and mechanical properties can be effectively controlled by optimizing SPS 
processing parameters. Thus, SPS presents tremendous potential for fabrication of ‘bulk’ 
amorphous and amorphous matrix composites at significantly lower temperatures and 
shorter times. 
 
4.3 SPS of Fe-based bulk amorphous alloys in the supercooled region  
Fe-based amorphous powder having composition Fe48Cr15Mo14Y2C15B6 (at. %) 
was used in this investigation. SPS technique was used to consolidate the Fe-based 
amorphous powder at 630 ºC, 70 MPa, and for 10 min. The sintering was performed 
using graphite dies and punches. About 3 g of powder was sintered to produce disc-
shaped samples of diameter 20 mm and thickness 1 mm.  
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Fig 4.7 Typical shapes of Fe-based bulk amorphous alloy samples SPS sintered in 
supercooled region. 
 
Similarly, higher thickness samples were also processed in the supercooled region.  
Samples of diameter 10 mm and 15 mm thickness are shown in Fig. 4.7. 
 
4.3.1 Densification behavior  
An SEM micrograph from the polished surface of a Fe-based amorphous alloy 
SPS sintered at 630 °C (with uniaxial pressure of 70 MPa and hold time of 10 min.) is 
shown in Fig. 4.8. The micrograph shows dense microstructure with little open porosity. 
The relative density of the SPS sintered samples was measured to be ~98.5% using the 
Archimedes principle. Fig 4.9 shows EDS elemental mapping of polished surface of SPS 
sintered Fe-based amorphous alloy at 630 °C. EDS experiments were performed at 
different magnifications (500–15,000X). No significant changes were observed in the 
elemental distributions at high magnification SEM images when compared to low 
magnification images. 
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Fig 4.8 SEM micrograph of the polished surface of SPS sintered Fe-based amorphous 
alloy at 630 °C, 70 MPa, and 10 min. [76]. 
 
Note that SEM/EDS cannot resolve the elemental redistribution at nanometer 
length scale associated with nanocrystallization effects. Similar high magnification EDS 
analysis was followed by Bakkal et al. to demonstrate compositional changes in Zr-based 
bulk metallic glass during machining [77]. Elemental composition appears homogenous 
without any localized high concentrations of any elements. 
Fig. 4.10 (a) presents the typical variation of punch displacement during SPS with 
temperature. The DSC pattern from the starting amorphous powder is also plotted in the 
same figure. Note that the pressure was also increased from 5 to 70 MPa with a 
temperature increase from 25 to 630 °C. The figure indicates a punch displacement of 
~0.4 mm in the early stage of the sintering cycle (25 to 200 °C).  
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Fig 4.9  EDS of the surface of Fe-based amorphous alloy SPS sintered at 630 °C and 70 
MPa [76]. 
 
This initial punch displacement is primarily due to re-arrangement of amorphous 
particles. Negligible punch displacement (<0.1 mm) was observed from 200 to 500 °C. 
Out of total punch displacement of 1.3 mm, about 0.5 mm was observed in the 
temperature range of 25 to 500 °C. The remaining ~0.8 mm of punch displacement was 
observed in the temperature range of 500 to 630 °C. It can be seen from the DSC pattern 
that this range of SPS processing temperature covers the supercooled liquid region 
(ΔT=Tx-Tg) for the given composition of bulk metallic glass. It is well known that 
amorphous alloys are in a highly viscous liquid state in this temperature range [3]. This 
property of the amorphous alloys has been extensively utilized for superplastic forming 
of these materials. The sintering of amorphous powder in the supercooled liquid range 
also seems to enhance densification as indicated by the large punch displacement in this 
relatively narrow temperature range. To investigate the effect of hold time on the 
densification behavior, the variation of temperature and punch displacement with SPS 
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processing time was also analyzed (Fig 4.10 b). It can be clearly seen that almost no 
punch displacement occurred during the hold time. For these observations, it seems that 
densification of amorphous powder during SPS sintering is dominated by particle re-
arrangement at lower temperature (25-200 °C) and particle deformation in supercooled 
region at higher temperature (500-630 °C) during heating. However, hold time is 
important for solid state diffusion across the particle interfaces. Due to the amorphous 
nature of the powders, it is difficult to trace the original interfaces between the adjacent 
particles (Fig. 4.8). In the polycrystalline materials, the original particle interfaces often 
evolve as grain boundaries.  
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Fig 4.10 a) Typical variation of punch displacement with temperature during SPS of 
amorphous alloy (DSC pattern for the given alloy is also shown), and b) variation of 
temperature and punch displacement with SPS processing time [76]. 
To delineate the effects of temperature and pressure on the densification behavior, 
the pressure was increased from 5 to 70 MPa at a constant temperature of 25 °C followed 
by an increase in temperature from 25 to 630 °C at a constant pressure of 70 MPa. The 
sample was then held at 630 °C at 70 MPa for 10 min. The variation of punch 
displacement over time indicating various stages of the SPS processing cycle is presented 
in Fig. 4.11.  
 
Fig.4.11 Punch displacement of Fe-based amorphous alloy during SPS, where pressure 
and temperature were increased separately [76]. 
 
The punch displacement of about 1.6 mm was observed with the increase in 
pressure from 5 to 70 MPa at a constant temperature of 25 °C. Further increase in 
temperature up to 575 °C (at constant pressure of 70 MPa) resulted in a decrease in punch 
displacement by about 0.6 mm, indicating thermal expansion of the powder. When the 
temperature reached the supercooled liquid region, a positive punch displacement of 0.3 
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mm was observed resulting in the total resultant punch displacement of 1.3 mm. When 
Fe-based amorphous alloys and composites were sintered below supercooled liquid 
region (550-575 °C), high pressure (~225 MPa) and longer sintering time (20 min.) were 
needed to achieve relative density of ~99% in these alloys. Clearly, sintering of 
amorphous powder in the supercooled liquid range accelerates the viscous flow and 
densification of the powder at relatively lower uniaxial pressure and shorter sintering 
time.  
 
Fig.4.12 Density of SPS sintered Fe-based bulk amorphous alloys at different 
temperatures at a uniaxial pressure of 70 MPa and soaking time of 10 min.  
 
Fig. 4.12 presents relative densities of the SPS sintered samples at sintering temperatures 
570, 600, 630, 650, 700, 800 ºC with a uniaxial pressure of 70 MPa. The density of the 
samples increased from 92%  (7.12 g/cm
3
) to  99.99 % (7.75 g/cm
3
: theoretical density) 
when sintering temperature was increased from 570 °C to 800 °C, keeping pressure and 
soaking time  constant. Rate of change of density with respect to sintering temperature 
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was 0.1 percent per Celsius from 570 ºC to 630 ºC whereas density rate  slowed down to 
0.006 percent per Celsius from 650 ºC to 800 ºC.  This shows maximum densification 
occurred in the supercooled region and densification rate slowed down once the sintering 
temperature reached crystallization temperature (Tx1). This clearly indicates sintering in 
the supercooled region leads to densification at lower sintering pressures (less than 100 
MPa) and shorter sintering time. 
Fig. 4.13 (a) shows punch displacements at different temperatures ranging from 
600 °C to 700 °C. Three different regions were observed in the punch displacement 
graph. In the first region (25 ºC to 200 ºC), an average punch displacement of 0.4 mm 
was observed which is mainly due to the particle rearrangement in the initial stage of 
sintering. Particle rearrangement is due to sliding and rotation of the amorphous particles 
wherein the small amorphous particles fill the gaps between large size particles.  The 
second region in the punch displacement graph (from 200 ºC to 570 ºC)   is due to the 
combined effect of temperature and pressure (region 2) and a displacement of 0.2 mm 
was observed indicating no significant sintering in this region.  An average punch 
displacement of 1 mm was observed in region 3. The large displacement in region 3 was 
mainly due to superplastic deformation in the supercooled region. Viscosity of the 
amorphous alloys decreases by approximately 10
6
 Pas from glass transition temperature 
to crystallization temperature [3].  The superplastic deformation was observed for all the 
samples sintered from 570 °C to 800 °C. Diffusion kinetics also increases in the 
supercooled liquid region which plays a major role in fast densification. During diffusion 
studies in the supercooled region a kink in the Arrhenius plot was reported near the glass 
transition temperature which may be due to a change in the diffusion kinetics. Below the 
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kink temperature, the diffusion is assumed to be through single atom hopping, whereas 
above the glass transition temperature, the collective atom diffusion becomes 
predominant resulting in an increase in diffusion rate [78]. This may result in higher mass 
transport through the necks of the amorphous powder in the supercooled region; hence, 
faster densification can be attained.  
 
 
Fig.4.13 a) Punch displacement vs. sintering temperature for the samples sintered at 550, 
600, 630, 650, and 700 °C; and b) temperature and punch displacement vs. time for the 
samples sintered in the supercooled region.  
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Higher mass transport through diffusion is also enhanced by the presence of the 
direct current on the surface of amorphous powders during SPS sintering [79, 80]. In 
order to evaluate any punch displacement during soaking time, temperature and punch 
displacement were plotted against time (Fig. 4.13 b). Punch displacement of 1.2 mm, 1.3 
mm, and 1.4 mm were observed for the samples sintered at 600, 630, and 650 °C at the 
end of the heating cycle. No punch displacement was observed during soaking time in 
any of the sintering temperatures. It is to be noted that any displacement less than 100 μm 
cannot be recorded due to the limited resolution of the equipment. Even during the 
soaking cycle the samples were in supercooled region where viscosity of the amorphous 
alloys was less but no punch displacement was observed. This clearly indicates that 
heating rate and change in uniaxial pressure are the two driving forces which lead to 
faster densification.  
 Fig. 4.14 shows SEM images of fractured surfaces of samples sintered at 
different temperatures ranging from 570 ºC to 800 ºC. At 570 ºC the powders were 
densely packed and smaller size particles (< 20 µm) filled the space between the bigger 
particles (40 to 100 µm).  Particle boundaries are clearly observed up to 600 ºC; 
thereafter an increase in sintering temperature resulted in the absence of particle 
boundaries and the removal of pores. Large deformation of the amorphous powders in the 
supercooled region was observed due to viscous flow of the amorphous alloy. Samples 
sintered at 650 ºC and above show a fully dense microstructure. Sintering in the 
supercooled region is also advantageous as amorphous powders undergo homogeneous 
deformation when compared to inhomogeneous deformation below Tg. 
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In summary, spark plasma sintering of Fe-based amorphous alloys in the 
supercooled region (630 ºC) resulted in near full densification of alloys (98.5% relative 
density). An increase in sintering temperature resulted in an increase in the density of the 
bulk sample. A decrease in viscosity during SPS sintering helps in attaining faster 
densification where most of the densification was achieved in the supercooled region.  
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Fig.4.14 SEM micrographs of fractured surface of SPS sintered Fe-based bulk amorphous 
alloys.  
 
4.3.2 Thermal effects during processing of bulk amorphous alloys 
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In order to better understand the SPS sintering and densification mechanisms of 
Fe-based bulk amorphous alloys, it is crucial to investigate the distribution of temperature 
inside the particles and at the point of contact between the particles. Song et al. proposed 
an analytical model for the determination of temperature along the radius of the particles 
based on energy conservation between electrical energy passed through the particle and 
the heat generated due to joule heating [23]. An equivalent model was applied to the SPS 
sintering of Fe-based amorphous alloys and sintering mechanisms were explained based 
on the modelling results. Total current passing through the upper punch is denoted as It. 
This current is further divided between the graphite die (Id) and the amorphous alloy 
sample (Is) based on the resistance. Therefore,  
 
                                                 
  
     
                                                       (4.1) 
 
Rs and Rd are the resistance of the sample and the die which can be calculated as  
 
                                                       
  
  
                                                    (4.2) 
 
                                                             
  
  
                                                       (4.3) 
Here As and Ad are the area of the sample and the die. xs and xd are the thickness of the 
sample and the die. xs can be obtained from the punch displacement data and the final 
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thickness of the sample. ρs and ρd are the resistivity of the sample and the die.  Ip is the 
current passing through the particles and can be obtained using the following equation:  
                                                
  
 
  
                                           (4.4) 
Is is the current passing through the bulk sample, and rp, and rd are the radii of the 
amorphous particles and sintered sample, respectively.  
The electrical resistivity (ρ) for graphite is 1.4 x 10-5 Ω-m. Resistivity of the 
sample remains low at the start of the sintering process and increases with an increase in 
density of the sample. Variation in resistivity of graphite and the amorphous alloys with 
temperature and density is neglected in this analysis. Using law of conservation of 
energy, heat generated at the point of contact of the two particles is equal to the electrical 
energy due to the passage of direct current through the point of contact as shown in 
equation 4.5.  
   
                                  (4.5) 
Here Cv = 39.12 J/Kmol is the heat capacity, ρm = 7.5 g/cm
3
 is the mass density, 
and ΔT = rise in temperature. As derived by Song et al., temperature increase of any 
particle is given by equation 4.6.  
 
   
  
  
  
    
                  
 
                      (4.6) 
Here, r is the particle radius and x is any distance from the surface of the particle.  
Fig. 4.15 (a) presents temperature distribution at different direct current 
magnitudes. As the magnitude of the current increases, temperature at the point of contact 
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of the particles increases. An increase in temperature at the point of contact with an 
increase in direct current represents the heating stage in SPS cycle. Fig 4.15 (b) presents 
temperature distribution inside a particle at a current magnitude of 800 A. Larger size 
particles draw higher magnitude of current due to their larger surface area and higher 
magnitude of current passes through a point of contact resulting in high current density at 
the point of contact and hence high temperature. Fig. 4.15 (c) presents a plot of 
temperatures at different distances from the contacting surface of the particle at a current 
magnitude of 800 A for a particle size of 40 µm. A temperature of 650 ºC was calculated 
at 1 μm away from the point of contact of two particles whereas a temperature of less 
than 100 ºC was observed at the center of the particle. Temperature drops from 650 ºC to 
less than 100 ºC within 2.5 µm from the surface of the particle. When current passes 
through the particles in contact, the temperature at the contacts increases to the 
supercooled region (570 ºC to 653 ºC), then crystallization temperature (653 ºC) and 
finally melting (1135 ºC) takes place. As the temperature at the point of contact of two 
amorphous particles reaches above glass transition temperature, viscosity at the contacts 
decreases by several thousand degrees. This decrease in viscosity results in localized flow 
of amorphous particles which increases the overall point of contact between the particles. 
Increase in point of contact is dynamic in nature and keeps increasing with the sintering 
time. Several impingement/dimples were observed on the particle surface on the SEM 
image of samples sintered at 570 °C (Fig. 4.16). It is to be noted that superplastic 
deformation in the amorphous alloys starts well below the glass transition temperature 
(0.7Tg). Multiple impingements on the single particle indicate multiple points of contact 
between particles during sintering.  
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Fig.4.15 a) Effect of different current magnitudes on the temperature distribution in a 
particle, b) Effect of different particle size on temperature distribution in an amorphous 
particle, c) Temperature distribution from the outer edge towards the center at a current 
of 800 A and particle size of 40 μm during SPS of Fe-based amorphous powder. 
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Fig.4.16 Fracture surfaces of the Fe-based bulk amorphous alloys sintered at 570 °C. 
 
Some of the particles show excessive superplastic deformation mainly due to an 
increase in points of contact of particles during sintering.   Free flow and entangling of 
some particles show a decrease in the viscosity of the amorphous alloys. Amorphous 
alloy powders undergo superplastic deformation before melting. This increase in 
deformation increases the area of contact between two particles which results in 
homogenous distribution of current during sintering [23]. Yodoshi et al. investigated 
spark plasma sintering of Fe-based bulk amorphous alloys and performed TEM on the 
interface of the sintered particles. A crystallized phase of 50 nm was observed at the 
interface and the core of the particles remained amorphous. This observation clearly 
indicates higher temperature at the interface of the particle whereas the core of the 
particle remained below crystallization temperature during SPS sintering [81]. As shown 
by Song et al., in the case of metallic crystalline alloys, sintering mechanisms involved 
localized melting and the formation of necks at the point of contact. The size of these 
necks increased with the increase in sintering time. Whereas in the case of amorphous 
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alloys, when the point of contact between two particles reaches above Tg, free flow of 
material occurs which results in an increase in area of contact. Also in the supercooled 
region, collective hopping based diffusion of atoms takes place between two particles 
which results in sintering at a higher rate [79, 80].  
Fig. 4.17 presents temperature profile of the axisymmetric sample and die-punch 
set up during SPS sintering. A temperature ranging between 27 ºC to 200 ºC was 
observed at the upper and bottom graphite rams; spacers reached a temperature between 
200 ºC to 400 ºC for a current of 700 A. As the cross-sectional area decreases between 
spacers and the punch, current density increases thus resulting in higher temperatures at 
the punch. The highest temperature of 651.4 ºC was observed on the upper punch just 
below the center of the punch. Similar trends were observed for all different magnitudes 
of current ranging from 550 A to 900 A.  
Fig 4.18 presents temperature distribution for the Fe-based sintered amorphous 
alloy sample with a current of 700 A. Maximum temperature was observed at the surface 
center of the sample whereas, minimum temperature was observed at the center of the 
edge. Similar trends were observed for different current magnitudes ranging from 550 A 
to 900 A. A temperature difference of 12 ºC was observed between the center and the 
edge of the sample, whereas a temperature difference of 2 ºC was observed along the 
axial direction. In order to evaluate the temperature difference between the center and 
edge of the sample, thermal modeling was performed at different current magnitudes 
ranging from 550 A to 900 A. The difference between the center and the edge is plotted 
in Fig. 4.19. In the supercooled region (575 °C to 653 °C) of Fe-based bulk amorphous 
alloys, a temperature difference of 8 to 12 °C was observed. It is to be noted that 
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temperature difference in the sample is a function of sintering temperature, heating rate, 
and also the electrical and thermal conductivity of the material. High sintering 
temperature and high heating rates for non-conductive materials lead to larger 
temperature difference [27, 82-84]. Wang et al. demonstrated that the temperature 
between the center of the sample, edge of the sample, and the die can be as high as 450 
°C at a sintering temperature of 1700 °C.  
 
Fig.4.17 Temperature distribution during SPS sintering of Fe-based bulk amorphous 
alloys. 
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Fig.4.18 Temperature distribution  inside the Fe-based bulk amorphous alloy disc during 
SPS sintering with a current of 700 A.  
 
Fig.4.19 Effect of different current magnitudes on temperature at the center and 
temperature difference between center and edge of the amorphous samples. 
57 
 
 
It is interesting to correlate the temperature difference and the microstructural and 
phase transformation behavior of the sintered amorphous alloy samples. Micro XRD 
analysis was carried out along the diameter of the sintered discs for the samples sintered 
at 600 ºC, 630 ºC, 650 ºC, and 700 ºC (Fig 4.20). XRD analysis was performed at three 
different locations:  (1) at the center, (2) at 4.5 mm away from the center, and (3) at the 
edge of the sample (9 mm away from the center).  
For the sample sintered at 600 ºC and 630 ºC crystalline peaks were observed at 
the center and at 4.5 mm away from the center. No crystalline peaks were observed at the 
edge of the disc for either 600 ºC or 630 ºC. This can be explained using the temperature 
distribution along the sample as shown in Fig 18. . For the samples sintered at 650 ºC and 
700 ºC, no such differences in XRD results were observed.  
 
Fig.4.20 Micro XRD of Fe-based bulk amorphous alloys at three different locations 
(center, middle, and edge) of the SPS sintered discs at 600 °C, 630 °C, 650 °C, and 700 
°C.  
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It is to be noted that during the SPS process temperature is measured at the center 
of the die.  As shown in the simulation results, the difference between the temperature at 
the outer edge and at the center of the sample can be up to 40 ºC. This is further 
confirmed by the micro XRD results. The outer edge of the sample is amorphous as the 
temperature in that region was close to 600 ºC. For the sample sintered at 650 ºC and 700 
ºC no such difference in micro XRD data was observed, as shown in the Fig. 4.20.  As the 
thermocouple measured 650 °C, every position in the sample was above 650 °C. So 
throughout the sample, temperature was above crystallization temperature (both at the 
edge and at the center).  
The effects of temperature gradient during SPS sintering on the microstructure 
were investigated using microscopic images of the mirror polished sintered samples. 
SEM images were taken at the center, 3 mm, 6 mm, and 9 mm away from the center of 
the sintered samples (Fig. 4.21). For the sample sintered at 600 ºC, the image at the center 
showed less porosity when compared to other regions of the sample. Porosity gradually 
increased from the center towards the edge of the sample when observed radially. At the 
edge of the sample, pores of size ~100 μm were also observed, whereas at the center of 
the sample pore sizes were ~10 μm. Similar observations were also made for the samples 
sintered at 630 ºC. Maximum size of the pores decreased to ~50 μm at the edge of the 
sample and less than ~10 μm at the center of the sample.  For the samples sintered at 650 
ºC, there was no significant difference between the center and edge microstructure.   
Additionally, few pores of less than 10 µm were observed at the edge of the sample 
sintered at 650 ºC, whereas no pores were observed at the center of the sample. In case of 
sintering temperature of 630 ºC, the temperature at the edge of the samples was at 630 ºC 
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but at the center it was close to the crystallization temperature. This difference in 
temperature results in higher hardness at the center and lower hardness at the edge of the 
samples.  For all the sintered samples, maximum hardness was observed at the center of 
the sample and minimum hardness at the edge of the samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.4.21 SEM images of Fe-based bulk amorphous alloys sintered at 600 °C,  630 
°C, and 650 °C at different locations along the radius of the sample.  
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Fig.4.22 Microhardness of the SPS sintered Fe-based bulk amorphous alloys at different 
distance from the center of the disc.  
 
The hardness values are in good agreement with the modeling and phase analysis 
results. Maizza et al. investigated hardness along SPS sintered WC samples at three 
different sintering temperatures. At lower sintering temperatures, higher hardness was 
observed at the center due to the small size of the nanoparticles. Whereas at the outer 
surface of the sample lower hardness was observed mainly due to lower density at the 
surface when compared to the center of the sample. At high sintering temperatures 
hardness was low at the center due to high grain growth and higher at the edge due to 
lower grain size. Thus, temperature gradients along the sample can introduce subtle 
microstructural effects that results in significant variation in mechanical properties [85].    
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4.3.3 Crystallization behavior of Fe-based amorphous alloys 
4.3.3.1 Phase analysis using x-ray diffraction 
 The glass transition temperature (Tg), first crystallization temperature ((Tx1), and 
second crystallization temperature (Tx2) of the Fe-based amorphous alloy used in this 
investigation are 575 °C, 653 °C, and 684 °C, respectively. The wider supercooled region 
(ΔT= 78°C) indicates the excellent glass forming ability of this composition of the Fe-
based amorphous alloy. Fig. 4.23 shows the XRD patterns from as-received amorphous 
powder and bulk amorphous alloy samples spark plasma sintered at temperatures ranging 
from 570 °C to 800 °C (with uniaxial sintering pressure of 70 MPa and a holding time of 
10 min.). Although, in general, the characteristic halo peak was observed in the XRD 
spectra from samples sintered up to 630 °C, TEM analysis was performed to explore any 
possibility of formation of nano-scale crystalline phases in any of these samples 
(discussed in further details in the later section). The presence of such a halo peak is 
indicative of retention of mostly an amorphous structure of the samples sintered up to a 
temperature of 630 °C, which is relatively lower than the reported primary crystallization 
temperature (Tx1, 653°C) of the amorphous alloy [49]. Profuse crystallization with the 
formation of complex (Fe,Cr)23C6 carbides was observed for samples sintered in the 
temperature range of 650-800 °C. The crystalline phase (Fe,Cr)23C6 belongs to a cubic 
crystal system (a: 10.5910 Å, space group: Fm-3m, space group number: 225, and  
density: 7.48 g/cm
3
) [86]. The calculations performed using the Scherer equation 
indicated that estimated crystallite size increased from  ~8 nm at  650 °C to ~12 nm  at 
800 ºC  sintering temperatures.   
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Fig.4.23 XRD patterns from Fe-based amorphous alloys sintered at temperatures ranging 
from 570 °C to 800 °C at 70 MPa for a soaking time of 10 min. [87].  
 
4.3.3.2 Crystallite size distribution using small angle neutron scattering 
 To further understand the crystallization path and crystallite size distribution, 
SANS experiments were conducted. Fig. 4.24 shows EQ-SANS results for as-received 
powder and Fe-based bulk amorphous samples (sintered at temperatures ranging from 
570 to 800 °C) in a log-log plot of scattering intensity, I(Q), as a function of scattering 
vector, Q.  
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Fig.4.24 EQ-SANS intensity data of Fe-based amorphous powder, sample sintered at 
temperatures   ranging from 570 °C to 800 °C at 70 MPa for 10 min.  [87]. 
 
In the higher Q-range (0.2-0.4 Å
-1
), the scattering was mainly observed due to 
chemical inhomogeneities at the atomic scale. The scattering intensity increased for the 
sample sintered at 570 °C and 590 °C and thereafter it remained constant. Hung et al. has 
previously observed chemical inhomogeneities (clustering of Y and Mo elements) in the 
fully amorphous Fe-based alloy [88]. The inhomogeneities due to clustering of elements 
are possible during SPS sintering of Fe-based amorphous alloys below crystallization 
temperature. In the Q-range of 0.02-0.2 Å
-1
, very low scattering intensity was observed 
for the as-received amorphous powder indicating uniform glassy structure, which is in 
good agreement with the XRD results. An increase in scattering intensity I(Q) was 
observed for the samples sintered in the temperature range of 570-650 °C, even though 
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these temperatures are below the crystallization temperature.  The scattering below the 
crystallization temperature is mainly due to the nucleation and growth of clusters in the 
supercooled region. The formation of short- or medium-range nano-sized clusters in the 
supercooled region of metallic glasses has previously been observed during thermal 
annealing [89]. The scattering in the temperature range of 590 °C to 630 °C indicates that 
stable clusters are formed in this temperature range. These stable clusters of critical size 
eventually transform into crystallites as sintering temperature reaches Tx1. On the 
contrary, in spite of the observance of recognizable scattering in EQ-SANS data as stated 
earlier, the XRD analysis (Fig. 4.23), due to its inferior resolution, indicated the presence 
of halo peak for samples annealed up to 630°C that is associated mostly with the 
amorphous nature. Similar observations were made by Tang et al., where interference 
peaks were formed in the scattering data and no crystallization was observed in the XRD  
pattern [78]. Hung et al. also observed the characteristic signature (halo peak) in the XRD 
patterns of the Fe-based amorphous alloys annealed at a temperature of 600 °C, (i.e., 
annealing temperature well below the crystallization temperature of 653 °C) while the 
crystallites of size less than 10 nm were observed in the TEM [88]. Nouri et al. also 
observed the presence of nanocrystallites (size less than 10 nm) using in situ TEM at 
temperatures well below the crystallization temperature [90].  
The scattering intensity begins increasing significantly from the sample sintered at 
650 °C and become significant for the samples sintered at and above 670 °C, indicating 
the formation of crystallites near and above the crystallization temperature (653°C). The 
interference maximum in the Q-range of 0.015 to 0.1 is due to the formation of 
(Fe,Cr)23C6 crystallites. In this temperature range (670 °C to 800 °C), the scattering 
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intensity increases faster at lower temperatures (near first crystallization temperature Tx1, 
653°C) and then slows down as the temperature increases above the second 
crystallization temperature (Tx2 at 683 °C). Such reduction in crystallization growth rate 
can also be attributed to annihilation of free volume that will have an effect on the 
diffusion [79]. These trends are common in evolution studies of metallic glasses where 
spinodal decompositions were observed and crystallization growth rate decreases 
significantly after initial rapid growth. [91]. A shift of the maximum interference 
scattering intensity towards the lower Q-range is an indication of a change in composition 
and increase in crystallite size associated with the crystallization of the second phase at 
temperatures above Tx1. Often times for bulk metallic glasses, phase separation precedes 
crystallization [78]. For those cases, interference maximum was formed below 
crystallization temperatures [58, 59]. The phase separation was not observed in the 
supercooled region for this composition as no interference maximum was observed 
before crystallization temperature (Tx1). The mechanism for crystallization seems to be 
primary crystallization, where a crystalline phase is formed directly from the amorphous 
matrix. The M23(C,B)6 phase has also been identified as the principal phase in early stage 
crystallization during thermal annealing [48, 88]. This is primarily due to similar metals-
to-metalloid ratios for the M23(CB)6 phase [23/6=3.833] and the overall amorphous alloy 
composition [79/21=3.762]. 
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Fig.4.25 Measured and fitted absolute intensities of Fe-based bulk amorphous alloys 
sintered at 700 °C [87].  
 
The size distribution analysis was performed in the Q-range of 0.02-02 Å
-1
 using 
the maximum entropy method available in IRENA software [71]. Fig. 4.25 shows the 
intensity of the measured data for the sample sintered at 700 °C and computational results 
indicate a good fit with the experimental data. In order to calculate scattering contrast, the 
amorphous phase was considered as a matrix and (Fe,Cr)23C6 as particles. Fig. 4.26 
presents the particle volume distribution for the samples sintered at temperatures ranging 
from 590 °C to 800 °C. The cluster size in the samples sintered at 590 °C was up to 16 
nm with clusters of size 4 nm present in abundance. These clusters are mainly the local 
structural/compositional changes which eventually grow into crystallites. The volume 
fraction of clusters increases with increasing sintering temperature up to 630 °C without 
change in their size distribution. The clusters of size 1 to 5 nm have previously been 
reported in metallic glasses near glass transition temperature [92].  
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Fig.4.26 Particle size distribution of crystallites of Fe-based amorphous alloys SPS 
sintered at different temperatures [87]. 
 
A shift in the peak of size distribution to 6 nm was observed for the sintering 
temperature of 650 °C without significant increase in volume fraction. This shift can be 
mainly due to the growth of these clusters into crystallites as the sintering temperature 
nears Tx1. Above 650 °C, the crystallite size distribution spreads up to 21 nm, and the 
volume fraction of 6 nm crystallites increases rapidly. The formation of nano-scale 
crystallites dispersed in amorphous matrix is mainly due to the primary crystallization for 
this amorphous composition. The crystallite growth  during primary crystallization is 
governed by diffusion fields/concentration gradients around the crystalline phase, where 
the crystallite growth is reduced and eventually ceased by impingement of surrounding 
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concentration gradients [93]. This effect has been recognized as the soft impingement 
(SI) effect and is mainly due to the interaction between two or more concentration 
gradient fields which form due to change in the composition of the amorphous matrix 
composite after formation of nanocrystallites. Thus, the change in composition of the 
residual amorphous phase reduces the stability and these regions become prone to 
crystallization. This process leads to non-random nucleation (NRN), where more 
crystallites are formed near the existing crystallites. Such concentration gradients were 
also observed in crystallization studies performed by Hung et al. on Fe-based  amorphous 
alloys where Cr depleted regions were observed near the formed crystallites [88]. A 
bimodal distribution of crystallite size was observed for the sintering temperature of 750 
°C and 800 °C.  
The bimodal distribution can be attributed to either simultaneous nucleation of 
new crystals and growth of existing nanocrystallites or the second crystallization event 
(Tx2, 683°C). Nevertheless, the observed bimodal distribution of crystallite size seems to 
be the direct effect of non-random nucleation (NRN) from the regions of concentration 
gradients. The scattering was also observed in the lower Q-range (0.004 Å
-1
 to 0.02 Å
-1
) 
which is mainly due to the formation of residual amorphous phases around the 
crystallites. In this Q-range, the scattering intensity decreased with an increase in 
sintering temperatures. Even though a regular trend was not observed in the SANS 
results, the scattering intensities of the samples sintered below crystallization temperature 
were higher than that for the samples sintered above crystallization temperature. This 
indicates that the number and size distribution of these residual amorphous phases tends 
to diminish with an increase in crystallites’ size at higher sintering temperatures [88]. 
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Extensive efforts are required to model and characterize the size distribution of these 
residual amorphous phases for multi-component amorphous alloys, for which the major 
challenge is to determine the composition of the residual amorphous phases surrounding 
nanocrystallites. Imhoff et al. modeled such a residual amorphous phase of binary Al-Sm 
metallic glass after precipitation of Al nanoparticles using small angle x-ray scattering 
[94].   
 
4.3.3.3 Transmission electron microscopy  
The observations and explanations associated the XRD and EQ-SANS analyses 
are further complemented by TEM analysis. The TEM images of the samples sintered at 
570°C, 650 °C, 700 °C, and 800 ºC are presented in Fig. 4.27. The samples sintered at 
570 °C (Fig. 4.27 a) indicate the formation of the nanocrystallined phase with crystallite 
size of approximately 6 nm (indicated for one of the crystallites in the micrograph). The 
size of the nanocrystallined phase is in agreement with the crystallite size predicted by 
SANS results (6 nm). Furthermore, the selected area diffraction (SAD) analysis indicated 
the formation of (Fe,Cr23)C6. A contrast in the bright field imaging is mainly due to 
diffraction contrast; the darker regions are observed due to the diffraction of the electron 
beam as imaging was done in the direct beam mode.  When sintered at 650 ºC, these 
clusters develop into well-formed crystallites as observed in the Fig. 4.27 (b). A ring 
pattern from the TEM-SAD pattern confirmed the formation of the nanocrystallined 
phase (Fe,Cr23)C6, and the corresponding micrograph shows the formation of crystals 
with a majority of crystallites in the range of 6-8 nm (Fig. 4.27 b), which is in agreement 
with the SANS data. A similar agreement is observed between the crystallite sizes for the 
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samples sintered at higher temperatures. However, the diffraction analysis for the 
samples sintered above the second crystallization temperature (700 °C and 800 °C) 
revealed the formation of α-Fe phase along with (Fe,Cr23)C6. The TEM dark field image 
of sample sintered at 700 °C clearly indicated the formation of crystallite sizes in the 
range of 16 nm as highlighted in the micrograph (Fig. 4.27  c) that is in agreement with 
the SANS data. Nonetheless, it was difficult to isolate the phases in the dark field image 
as the high intensity diffraction rings of Fe and Cr23C6 nearly overlap each other. 
Although similar phases were observed for the sample sintered at 800 °C, a clear change 
in crystallite size (>20 nm) can be observed from the TEM micrograph (Fig. 4.27 d) and 
also as indicated in the EQ-SANS results.  
 
Fig.4.27 TEM images of SPS sintered samples at a) 570 ºC, b) 630 ºC, c) 650 ºC, and 800 
ºC [87].  
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Earlier it was observed that the maximum interference scattering intensity shifted 
towards the lower Q-range for the samples sintered at temperatures higher than the 
second crystallization temperature, Tx2 (Fig. 4.24), and this can be attributed to the 
formation of α-Fe phase indicated by the TEM-SAD pattern (Fig. 4.27 (c,d)). The 
depletion of Cr with the increase in volume fraction and growth of the precipitates seems 
to result in the variation in composition of the amorphous phase leading to the second 
crystallization event.   
Bright field TEM micrographs of SPS sintered Fe-based bulk amorphous samples 
are presented in Fig. 4.28. Crystallites of size less than 10 nm were observed in the 
samples sintered at 570 ºC and 650 ºC and crystallites up to 25 nm were observed for the 
samples sintered at 800 °C.   
 
Fig.4.28 Bright field TEM images of SPS sintered Fe-based bulk amorphous alloys a) 
570 ºC, b) 650 ºC, c) 700 ºC, and 800 ºC 
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For the samples sintered at 700 ºC and 800 ºC, crystal and an amorphous residual region 
around the crystals can be identified in the bright field TEM image. Similar element 
deficient amorphous regions were also observed by Nouri et al. and Ha et al. in the 
crystallization studies of Fe-based bulk amorphous alloys [88, 90]. 
 
4.3.4 Mechanical behavior  
In order to evaluate the effects of densification and crystallization on mechanical 
strength of sintered Fe-based bulk amorphous alloys, microhardness and compression 
tests were performed (Fig. 4.29). Average microhardness of the sample sintered at 570 °C 
was 11.31±0.45 GPa. Microhardness increased with increase in sintering temperature 
mainly, due to embrittlement caused by the presence of nanocrystallites of Fe and Cr. 
Average microhardness of the sample sintered at 800 °C was 13.45±0.28 GPa. Increase in 
microhardness due to nanocrystallization was also observed in our previous investigation 
when sintered Fe-based amorphous alloys were annealed at 700 ºC and 800 ºC.  Fig. 4.29 
also presents the compressive strength of sintered Fe-based bulk amorphous alloys at 
different sintering temperatures. Compressive strength increased up to a sintering 
temperature of 630 °C and then decreased up to 800 °C. Enhanced compressive strength 
in the supercooled region was mainly due to the combined effect of increase in density 
and controlled nanocrystallization during SPS sintering. It is difficult to delineate the 
effect of density and crystallization in the strengthening of SPS sintered Fe-based 
amorphous alloys. Density of the sintered samples increased from 90 % to 98 % when 
sintering temperature was increased from 570 ºC to 630 ºC which played a significant 
73 
 
 
role in the enhancement of both microhardness and compressive strength. Formation of 
nanocrystallites was also evident from the XRD results and TEM images which grow in 
number and size with an increase in sintering temperature. 
 
Fig.4.29 Comparison of microhardness and compressive strength of SPS sintered Fe-
based bulk amorphous alloys. 
 
Crystallite size as well as volume fraction of crystallite size play significant roles 
in the mechanical strength of Fe-based bulk amorphous alloys. Maximum compressive 
strength was observed when the peak of the size distribution was at 4 nm at 630 °C. A 
significant decrease in the compressive strength was observed when the size distribution 
peak shifted to 6 nm. Size distribution analysis and compression testing also indicates the 
possibility of having an optimum volume fraction of crystallites above which 
compressive strength decreases significantly. 
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Fig. 4.30 shows stress-strain curves of the Fe-based bulk amorphous alloys SPS 
sintered at 600 °C, 650 °C, 700 °C, and 800 °C. No plastic strain was observed during 
compression testing of the SPS sintered Fe-based bulk amorphous alloys at any sintering 
temperature. Even though the formed crystallites (< 25 nm) were in the same size range 
of shear bands (10-20 nm), it seems these nanocrystallites were ineffective in hindering 
the propagation of shear bands. A decrease in strength was observed for the samples 
sintered at 650 °C, 700 °C, and 800 °C, mainly due to weak interfacial bonding between 
the amorphous phase and the in situ formed crystallite Fe23(C, B)6. Our previous study 
indicated a nano scale element deficient region forms around the nanocrystallites in the 
Fe-based amorphous matrix when SPS sintering was performed above 630 °C [87]. These 
element deficient regions can play two significant roles during compression loading: (1) 
they can act as weak points where load cannot be effectively transferred to the in situ 
nanocrystalline reinforcement which can lead to stress concentration in the interfacial 
region and hence brittle failure, (2) when shear bands propagate through amorphous 
matrix they reach this elemental deficient region before reaching the nanocrystallites 
which can lead to the formation of cracks before the these shear bands are arrested by the 
nanocrystallites. 
Step like behavior was observed in the stress strain curves for the samples 
sintered at 650 °C and 700 °C, which indicates crack arresting due to the presence of 
nanocrystallites. However, these nanocrystallites surrounded by elemental deficient 
regions were unable to induce any plastic strain during compressive loading.  
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Fig.4.30 Stress strain curves obtained from SPS sintered Fe-based bulk amorphous alloys. 
 
4.4 Effect of crystallization on tribological behavior of SPS sintered Fe-based bulk 
amorphous alloys 
4.4.1 Phase analysis 
XRD patterns from samples SPS sintered at 630 °C and samples annealed at two 
temperatures (700 and 800 °C) are presented in Fig. 4.31 The SPS sintered sample shows 
a broad halo peak with diffused intensity characteristic of amorphous alloys. No sharp 
peaks can be seen in the XRD pattern from sintered samples, indicating a fully 
amorphous structure without any crystalline phases. For the samples annealed at 700 and 
800 °C, crystalline peaks of iron and chromium carbides can be clearly identified.  
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Fig.4.31  XRD of a) Fe-based BMG sintered at 630 °C, b) annealed at 700 °C for 20 
min., c) annealed at 800 °C for 20 min.[48].  
 
The crystallite size calculated from XRD peak broadening (using the Scherrer equation) 
for the samples annealed at 700 °C was found to be 15 nm. The crystallite size increased 
to 23 nm for the samples annealed at 800 °C. Clearly, annealing of SPS sintered Fe-based 
amorphous alloys above crystallization temperature resulted in the formation of a bulk 
amorphous matrix reinforced with nanocrystallined complex carbide phases.  
 The DSC traces from the starting amorphous powder, SPS sintered sample, and 
annealed sample are presented in Fig. 4.32. For the starting amorphous powder, glass 
transition temperature (Tg), crystallization onset temperature (Tx), and crystallization 
peak temperatures (Tp1 and Tp2), can be clearly observed. Also, it can be seen that the 
first crystallization peak disappeared and the second crystallization peak shifted to a 
higher temperature after SPS sintering at 630 °C indicating partial crystallization. This 
crystallization event could not be detected by XRD which showed only broad diffused 
peak for the sintered samples. The crystallization proceeds further with annealing at 
700 °C as indicated by a further shift of the second crystallization peak to higher 
temperatures. 
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Fig.4.32 DSC of as-received powder, Fe-based BMG sintered at 630 °C, annealed at 700 
°C for 20 min., annealed at 800 °C for 20 min. [48]. 
 
Both the primary and secondary crystallization peaks disappear after annealing at 800 °C, 
indicating profuse crystallization. 
4.4.2 Microhardness 
The variation of microhardness of SPS sintered and annealed samples as a 
function of indentation load is presented in Fig. 4.33. At lower indentation load, the 
microhardness of SPS sintered samples was about 1250-1350 HV. The annealed samples 
exhibited relatively higher hardness compared to sintered samples. At lower loads (<1 N), 
the microhardness of samples annealed at 700 and 800 °C were about 1375-1450 HV and 
1450-1550 HV, respectively. The higher hardness of the annealed samples is primarily 
due to embrittlement caused by crystallization of complex carbide phases in the 
amorphous matrix during annealing. For all the samples, microhardness decreases with 
increasing indentation load (i.e., increasing impression size). The hardness drops to about 
1075-1200 HV for the indentation load of 9.8 N. Clearly, the SPS sintered samples and 
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annealed samples exhibit indentation size effects (ISE). According to concepts of 
continuum plasticity, in which there is no inherent material length scale, the hardness 
measured using geometrically self-similar indenters should be independent of impression 
size. However, the indentation size effects, where hardness decreases with increasing 
indentation depth, have been observed in several crystalline materials [95]. The earliest 
model to explain the ISE was proposed by Nix and Gao considering the density of 
geometrically necessary dislocations and Taylor’s dislocation strengthening model[96]. 
The model was successfully used to predict the ISE in many crystalline materials. The 
observation of indentation size effects in the amorphous and partially crystalline samples 
in the present case cannot be explained using conventional theories based on dislocation 
strengthening. This is primarily due to unique deformation mechanisms involving shear 
bands which are localized regions of extensive plastic deformation in amorphous 
materials. While the ISE is well documented for crystalline materials, very few 
publications reported similar effects in bulk amorphous materials. Recently, Jang et al. 
summarized various mechanisms based on non-crystalline flow defects (shear bands, free 
volume), strain softening, and surface effects (residual stresses), for ISE effects in bulk 
metallic glasses[97]. However, significant efforts are needed to verify these models for 
explaining the ISE effects observed for amorphous and partially crystalline materials in 
present investigations. 
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Fig.4.33 Microhardness at different loads of a) Fe-based BMG sintered at 630 °C, b) 
annealed at 700 °C for 20 min., and c) annealed at 800 °C for 20 min.[48].  
 
4.4.3 Wear behavior 
Fig. 4.34 presents the variation of cumulative weight loss as a function of sliding 
time during ball-on-disc wear test for samples SPS sintered at 630 °C and samples 
annealed at 700 and 800 °C.  The maximum weight loss was observed for the sintered 
sample. Note that this sample exhibited fully amorphous structure based on XRD 
analysis. The samples annealed at 700 and 800 °C, which exhibited partially crystalline 
structure, showed significantly decreased weight loss. The decrease in total weight loss 
was about 67% and 75% for samples annealed at 700 and 800 °C, respectively. The 
minimum weight loss was observed for samples annealed at 800 °C, indicating better 
wear resistance compared to SPS sintered amorphous samples. 
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Fig.4.34  Weight loss as a function of time during wear test Fe-based BMG, a) sintered at 
630 °C, 70 MPa, b) annealed at 700 °C for 20 min., and c) annealed at 800 °C for 20 min. 
[48]. 
 
The annealed samples exhibited relatively higher hardness compared to SPS sintered 
samples due to the presence of nanocrystallined complex carbide phases. Clearly, the 
weight loss behavior is in general agreement with Archard’s rule suggesting an inverse 
relationship between wear volume loss and hardness. The depth profiles across the wear 
tracks for SPS sintered and annealed samples are also presented in Fig. 4.35.  The SPS 
sintered samples showed wider wear track with average depth of about 22 μm. The 
depths of wear track for the samples annealed at 700 and 800 °C were about 14 and 3.5 
μm, respectively. The weight loss behavior and wear track profile clearly establish that 
thermal annealing resulted in improvement in wear resistance. The variation of the 
coefficient of friction with sliding time is also shown in Fig. 4.36.  
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Fig.4.35  Wear profile of a, d) Fe-based BMG sintered at 630 °C, 70 MPa b, e) annealed 
at 700 °C for 20 min., c, f) annealed at 800 °C for 20 min.[48].  
 
The average coefficient of friction (COF) for the sintered amorphous sample was 0.5; 
whereas the COF for annealed samples increased to about 0.6. The increase in COF for 
annealed samples may be due to a heterogeneous microstructure consisting of an 
amorphous matrix and nanocrystallined hard carbide phases.  
 To investigate any micro structural and compositional changes due to wear tests, 
detailed XRD and SEM/EDS analysis of the worn surfaces and wear debris was 
conducted. Fig. 4.37 presents XRD patterns from the worn surfaces of sintered and 
annealed samples. The XRD pattern from worn sintered sample exhibits broad diffused 
peak characteristic of amorphous material. This indicates that wear tests conducted in the 
present investigation did not induce any devitrification of amorphous sample during 
sliding wear. Note that these sintered samples showed the maximum wear loss.  
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Fig.4.36 Coefficient of friction a) Fe-based BMG sintered at 630 °C, 70 MPa, b) 
annealed at 700 °C for 20 min., and c) annealed at 800 °C for 20 min. [48]. 
 
The XRD patterns from worn-out surfaces of annealed samples retained the 
amorphous background and superimposed peaks corresponding to complex carbide 
phases. No new phases were detected in these annealed samples. Several previous 
investigations on wear behavior of bulk amorphous materials indicated devitrification of 
the samples upon wear testing due to mechanical (stress-induced) and thermal 
mechanisms. However, the wear testing parameters investigated in this study did not 
result in any structural transformations.  
 The EDS elemental maps from the worn surfaces of sintered and annealed 
samples are presented in Fig. 4.38. For the SPS sintered samples, the worn-out surface 
consisted of two distinct regions: relatively flatter featureless regions and regions filled 
with coarse wear debris. The featureless regions showed uniform distribution of major 
constituent elements (Fe, Cr, Mo, Y, and C) of amorphous material. The regions filled 
with coarse wear debris were rich in oxygen indicating oxidation during wear tests. 
83 
 
 
Similar observations were made for samples annealed at 700 and 800 °C. For the sample 
annealed at 800 °C, the oxygen-rich regions appear cracked and relatively flatter without 
heaps of coarse debris particles. This sample exhibited the best wear response among the 
samples due to highest hardness. This sample also showed some distributed aluminum-
rich regions possibly due to adhesive material transport from the surfaces’ alumina 
counter-body balls. Clearly, the oxidative wear mechanism dominated during the sliding 
wear of sintered and annealed samples. It appears that the wear proceeds with the 
formation of debris due to abrasion between contacting surfaces, followed by oxidation 
of debris due to continued rubbing action.  
 
 
Fig.4.37 XRD of the wear track of SPS sintered Fe-based amorphous alloy at 630 °C, 
annealed at 700 °C, annealed at 800 °C [48].  
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Fig.4.38 EDS of the wear surface of SPS sintered bulk amorphous alloy at a) 630 °C, 70 
MPa, 10 min., b) annealed at 700 °C, c) annealed at 800 °C [48].  
 
Fig. 4.39 presents the SEM micrographs of the wear debris. The wear debris from 
the sintered samples showed distribution of both fine and coarser particles. The high 
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magnification image of a coarser particle show sharp edges indicating abrasive fracture of 
the particles.  
 
 
 
Fig.4.39  SEM image of wear debris of Fe-based amorphous alloy a) sintered at 600 °C, 
70 MPa, 10 min., b) annealed at 700°C, and c) annealed at 800°C [48]. 
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Fig.4.40  EDS analysis of wear debris of Fe-based amorphous alloy a) sintered  at 630 
°C, 70 MPa, 20 min., b)annealed at 700 °C, and c) annealed at 800 °C [48]. 
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The wear debris from the annealed samples was mostly in the form of fine 
particles (in sub-micrometer range) and agglomerates in micrometer range. The EDS 
analysis of the wear debris from the sintered sample showed large oxygen-rich areas on 
and around the bigger debris particle (Fig. 4.40). The elemental distribution was fairly 
uniform in the remaining areas of the debris particle. This is probably due to 
accumulation of very fine oxide particles on bigger amorphous particles. An aluminum-
rich region of about 2 μm can also be seen in the debris. Similar observations can be 
made for wear debris from samples annealed at 700 °C. The wear debris from the 
samples annealed at 800 °C show larger areas that are rich area in aluminum than in 
oxygen indicating accelerated adhesive transport of material from alumina counter-body 
balls to the wear surface. This is primarily due to the high hardness of samples annealed 
at 800 °C. 
 
4.5 Laser surface treatment of Fe-based bulk amorphous alloys  
Nd:YAG laser response of spark plasma sintered Fe-based bulk amorphous alloys 
was investigated at different laser processing parameters (Fig. 4.41).  Two sets of 
samples: fully amorphous and partially crystallized, were laser treated at different scan 
speeds. Phase transformation, cross-section microstructure and microhardness of the laser 
treated surface were characterized. A thermal model using COMSOL was also developed 
to correlate laser thermal processing with microstructure and phase transformations.  
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Fig.4.41 Schematic showing experimental steps involved in laser surface modified Fe-
based bulk amorphous alloy.  
 
 A three dimensional thermo-physical model using COMSOL was developed to 
investigate temperature distribution and other thermal conditions during laser processing 
of Fe-based bulk amorphous alloys. A continuous laser beam having Gaussian energy 
distribution was used as the heat source for the model. Spot size of 0.6 mm at different 
laser velocities from 80 mm/s to 120 mm/s were considered. A disc of diameter 20 mm 
and thickness 1 mm was modelled to obtain the temperature distributions. Appropriate 
boundary conditions such as conduction, convection, and radiation were applied to the 
model. The governing equation for transient heat transfer based on Fourier’s second law 
of heat transfer in solids used in the model is given by 
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where Cp is the speciﬁc heat, k is the thermal conductivity, and ρ is the density. Q is the 
total heat ﬂux which consists of inward and outward heat fluxes. Inward heat flux which 
was caused by the laser beam and was applied to top surface of the disc is given by  
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Outward heat flux which includes natural convection and radiation to the surface and was 
applied to other boundaries is given by 
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Where h is the heat transfer coefficient, To is the ambient temperature, ε is the emissivity 
and σ is the Stefan-Boltzmann constant. Table 4.2 summarizes all the parameters which 
were used in the model. Maximum temperature reached due to laser heating depends on 
the laser power and the interaction time between the laser and material. The interaction 
time is calculated as residence time which is given by beam diameter (D)/laser scan speed 
(V).  
Table 4.2: Interaction times and laser fluences for the experimental conditions used for 
the laser surface hardening of amorphous alloys. 
 
Laser Power (W) Laser Scanning 
Speed (mm/s) 
Interaction 
Time (ms) 
Laser Fluence (J/mm
2
) 
100 
 
100 
 
100 
 
100 
120 
 
110 
 
100 
 
90 
5.00 
 
5.45 
 
6.00 
 
6.67 
1.77 
 
1.93 
 
2.12 
 
2.36 
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This model was used to predict the temperatures and cooling rates along the laser treated 
surface. The thermal interactions at the surface of a material during laser surface 
processing are generally determined by interaction time (t) and input laser fluence (F) 
[98]. For a continuous wave laser, these parameters are defined as: 
                                                        t=d/V                                                                (4.12) 
                                                      F=Pt/A                                                             (4.13) 
where d is the diameter of the laser beam (mm), V is the laser scanning speed (mm/s), P 
is the laser power (W), and A is the area of laser beam. The laser interaction times and 
laser fluences for different laser scanning speeds used in this investigation are listed in 
Table 4.2.  
 
4.5.1 Phase analysis  
XRD patterns from as-sintered bulk Fe-based amorphous alloy and sintered alloy 
samples irradiated with Nd:YAG laser (laser fluences of 1.77, 1.93, 2.12, and 2.36 
J/mm
2
) are presented in Fig. 4.42. The XRD pattern from as-sintered alloy sample shows 
a characteristic broad halo peak indicating the amorphous structure of the alloy. This low 
intensity broad halo peak for the as-sintered samples was centered at about 2θ=43°. The 
broad halo peak with higher intensity was also observed for samples irradiated with laser 
fluence of 1.77 J/mm
2
, indicating that the amorphous nature of the sample was retained 
with the laser heating. While the diffuse peak remained roughly at the same 2θ position, 
the samples laser irradiated with the laser fluence of 1.77 J/mm
2
 exhibited relatively 
intense and narrower peaks compared to the diffuse peak from as-sintered amorphous 
sample. The increase in the intensity of the diffuse peak in these laser irradiated samples 
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(1.77 J/mm
2
) is likely due to atomic level structural changes without affecting the general 
amorphous structure of the samples. In the case of metallic nano-glass with glass/glass 
interfaces, it has been reported that thermal annealing results in interface de-localization 
enhancing amorphization [99]. A decrease in intensity of the diffuse peak in XRD 
patterns with increasing annealing temperature indicating enhanced amorphization was 
observed for Zr-based nano-glass films [33]. In the present study, the intensity of the 
diffuse peak actually increased for the samples laser irradiated with laser fluence of 1.77 
J/mm
2
. This increase in intensity is most likely due to structural relaxation and associated 
enhanced atomic ordering and increase in density without changing the general 
amorphous structure of the sample. For the laser fluence of 1.77 J/mm
2
, the interaction 
time is 5 ms. For such a short interaction time and lower energy fluence in this case, the 
thermal energy appears insufficient to raise the temperature above crystallization 
temperature of the Fe-based alloy, thereby retaining amorphous structure in the laser 
heated sample. Although the thermal energy due to laser irradiation appeared to initiate 
atomic-scale ordering, it was insufficient to initiate crystallization in these samples. The 
formation of such localized ordered regions due to structural relaxation in the amorphous 
matrix significantly influences the physical and mechanical properties of the amorphous 
solids [100].  
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Fig.4.42 XRD patterns from as-sintered Fe-based amorphous alloy compacts and surfaces 
irradiated with laser fluences of 1.77, 1.93, 2.12, and 2.36 J/mm
2 
[101]. 
 
The laser irradiation with higher laser fluences (1.93, 2.12, and 2.36 J/mm
2
) 
resulted in partial crystallization, as indicated by the emergence of sharper peaks 
superimposed on background halo peaks in XRD patterns from these samples (Fig. 4.42). 
Most of these sharper peaks in XRD patterns correspond to M23(CB)6 phase and possibly 
M7C3 phase. The M23(CB)6 phase has also been identified as the principal phase in early 
stage crystallization during thermal annealing. This is primarily due to similar metals-to-
metalloid ratios for the M23(CB)6 phase [23/6=3.833] and the overall amorphous alloy 
composition [79/21=3.762]. The samples irradiated with laser fluence of 1.93 J/mm
2
 
exhibited fewer and relatively broader peaks in the XRD pattern. The crystalline peaks 
became sharper and also new peaks appeared in the XRD patterns with increasing laser 
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fluence from 1.93 to 2.36 J/mm
2
, indicating enhanced crystallization. The average 
crystallite sizes calculated using the Scherrer’s equation were about 11, 19, and 21 nm for 
laser fluences of 1.93, 2.12, and 2.36 J/mm
2
, respectively. It has been widely reported 
that the Fe48Cr15Mo14Y2C15B6 amorphous alloy devitrifies, forming M23(CB)6 
nanocrystals of particle size up to 25 nm upon thermal processing [87]. The growth of 
nanocrystallites during primary crystallization of the amorphous alloys is governed by 
diffusion fields/concentration gradients around the crystallites. It has been observed that 
the crystallite growth ceases at a particle size of about 25 nm due to impingement of 
concentration gradients (soft impingement), resulting in non-random nucleation of 
crystallites in the residual amorphous phases around the primary crystallites [87]. While 
the interaction time in laser processing is much shorter than the holding time in thermal 
processing, the observed crystal size of 11-21 nm in the laser irradiated samples is 
consistent with these observations.  
 
4.5.2 Microhardness  
The distribution of hardness along the depth of laser irradiated amorphous 
samples is shown in Fig. 4.43. The average microhardness of the as-sintered amorphous 
samples was about 1200 HV. The laser treated samples recorded a significant increase in 
the surface hardness compared to untreated (as-sintered) samples. The microhardness of 
the laser treated samples decreased with the depth from the surface and reached the same 
microhardness as the as-sintered samples at about 250-500 μm below the surface. The 
surface hardness of about 1360 HV was observed for the samples irradiated with the laser 
fluence of 1.77 J/mm
2
. Note that these samples appeared to have an amorphous structure 
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based on XRD analysis. The increase in hardness for these samples irradiated with 
relatively lower laser fluence (1.77 J/mm
2
) appears to be due to structural relaxation 
caused by laser heating. It has been widely reported that heating of the amorphous alloy 
below crystallization temperature results in the formation of medium-range-ordering 
(MRO) clusters [102, 103].  The density of such MRO clusters increases with increasing 
thermal annealing temperature. Such MRO structures offer resistance to shear band 
propagation, increasing strength/hardness of the relaxed amorphous alloys. Such 
strengthening effects have been observed in Zr-Cu-Ti amorphous alloys by Chou et al. 
[104] . They also explained the strengthening based on free-volume theory [105]. Based 
on this theory, the extent of strengthening in the amorphous alloy has direct correlation 
with the reduction in free volume caused by thermal annealing below glass transition or 
crystallization temperature. The increase in nanohardness from 4.9 GPa for as-sputtered 
to 6.6. GPa for sub-Tg annealed (about 35% increase) Zr-Cu-Ti films has recently been 
reported [104]. In the present study, the increase in hardness due to structural relaxation 
(medium-range ordering and/or annihilation of free volume) was about 13% (from 1200 
to 1360 HV) for the samples irradiated with laser fluence of 1.77 J/mm
2
. The thermal 
effects during laser-material interactions diminish with the depth from the surface of the 
samples. The development of hardness profile seems to be directly related with the 
diminishing effects of structural relaxation due to thermal effects with the depth from the 
surface.  
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Fig.4.43 Microhardness along the depth of Fe-based bulk amorphous alloy compacts 
irradiated with laser fluences of 1.77, 1.93, 2.12, and 2.36 J/mm
2 
[101]. 
 
 The microhardness of the surfaces irradiated with higher laser fluences (1.93, 
2.12, and 2.36 J/mm
2
) was significantly higher than that for samples irradiated with laser 
fluence of 1.77 J/mm
2
. In general, the surface hardness increased with the increasing laser 
fluence at the given laser power of 100 W. The highest surface hardness of about 1560 
HV was observed for the samples irradiated with the highest laser fluence (2.36 J/mm
2
). 
The average surface hardness was about 1480 and 1400 HV for the samples irradiated 
with laser fluence of 2.12 and 1.93 J/mm
2
, respectively. The higher hardness of the 
samples irradiated with these higher laser fluences is primarily due to the formation of 
nanocrystals of the M23(CB)6 phase and possibly the M7C3 hard phases in the amorphous 
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matrix [48, 87]. The formation of such hard phases in the amorphous matrix is expected 
to increase the hardness of the material by offering enhanced resistance to the 
propagation of shear bands. The increasing surface microhardness seems to be primarily 
due to the increasing degree of nanocrystallization with increasing laser fluence. This is 
consistent with the XRD analysis indicating a higher degree of crystallinity with 
increasing laser fluence. The microhardness also decreases with depth from the surface of 
the samples and approaches the hardness of the as-sintered samples at about 250-500 µm. 
It seems that the extent of nanocrystallization as defined by the size and volume fraction 
of the nanoparticles is highest at the surface and progressively decreases with depth, 
establishing an observed hardness profile. Note that the design of most of the wear 
resistant steels such as high speed steels includes the selection of alloy chemistry that 
allows formation M23C6 and M7C3 type carbides[106]. These are some of the hardest 
carbides and impart exceptional hardness and wear resistance to these steels. 
 
4.5.3 Thermal modeling and temperature distribution 
The evolution of microstructure and associated development of mechanical 
properties in the laser irradiated amorphous alloys are the direct results of the thermal 
effects of the laser-material interactions. 
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Fig.4.44 Surface temperature with time for the Fe-based amorphous alloys irradiated with 
laser fluences of 1.93, 2.12, and 2.36 J/mm
2 
[101]. 
 
In the present case, the laser fluence of 1.77 J/mm
2
 was selected to cause 
structural relaxation and nanocrystallization of the amorphous samples without any 
surface melting. After laser irradiation with the given processing parameters, no surface 
melting was observed. It is very difficult to experimentally characterize the thermal 
effects of laser-material interactions due to the extremely short interaction time. To 
investigate the thermal effects associated with laser interaction with the amorphous alloy 
under the given laser processing parameters, finite element modeling was conducted. Fig. 
4.44 presents the variation of surface temperature during laser surface processing with 
laser fluence of 1.93, 2.12, and 2.36 J/mm
2
. The reported crystallization temperature for 
the Fe48Cr15Mo14Y2C15B6 amorphous alloy is 653 °C [87]. For laser fluence, the surface 
temperature at any point rapidly increases, reaches maximum, and then starts decreasing 
as the laser beam scans over the point. The maximum surface temperatures of 1033, 
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1058, and 1089 °C were predicted for the laser fluences of 1.93, 2.12, and 2.36 J/mm
2
, 
respectively. While the maximum surface temperature increases with increasing laser 
fluence, this temperature is well above the crystallization temperature of the alloy. The 
temperature distribution at different depths for the laser fluence of 2.36 J/mm
2
 is shown 
in Fig. 4.45 (a). By tracing the crystallization temperature in temperature distributions at 
different depths, it can be observed that the maximum temperature is greater than 
crystallization temperature up to the depth of about 50 µm below the surface. It can also 
be observed that the time interval over which the temperature remains above the 
crystallization temperature also decreases with depth below the surface. At surface, this 
time interval is about 3.2 ms. Fig. 4.45 (b) shows the heating and cooling rates at the 
crystallization temperature for different depths. The heating and cooling rates are of the 
order of 3-5 × 10
5
 °C/s at the surface. These rates decrease with depth below the surface. 
At the depth of about 50 µm, the heating and cooling rates are of the order of about 0.5-1 
× 10
5
 °C/s. While the heating and cooling rates are faster at the surface of the samples, 
the surfaces have a higher maximum temperature and a longer crystallization time 
interval. The enhanced surface nanocrystallization and higher surface microhardness in 
the samples laser irradiated with higher laser fluences seem to be the result of relatively 
higher maximum surface temperature and longer crystallization interval time. 
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Fig.4.45 a) Temperature distributions, and  b) heating and cooling rates at crystallization 
temperature at different depths for the Fe-based amorphous alloys irradiated with laser 
fluence of 2.36 J/mm
2 
[101]. 
 
 The depth of crystallization can also be estimated by tracing the crystallization 
temperature in the temperature distributions during heating and cooling times (as the laser 
beam passes over any point on the surface).  
(a) 
(b) 
100 
 
 
 
Fig.4.46 Depth of crystallization (position of isotherm corresponding to crystallization 
temperature) with time for the Fe-based amorphous alloys irradiated with laser fluences 
of 1.93, 2.12, and 2.36 J/mm
2 
[101]. 
 
Fig. 4.46 shows the variation of depth of crystallization (depth at which the 
temperature has reached crystallization temperature) during laser interaction time for 
different laser fluences. For each laser fluence, the depth of crystallization increases, 
reaches maximum, and then decreases i.e., the isotherm corresponding to crystallization 
temperature initiates at the surface and moves to certain depth during heating before 
returning back to the surface during the cooling region. The maximum depths of 
crystallization are about 47, 50, and 52 µm for the laser fluences of 1.93, 2.12, and 2.36 
J/mm
2
, respectively. Due to significant scatter in the data (Fig. 4.43), it is difficult to 
determine the depth of hardening based on experimental hardness measurements. Also, 
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the hardening due to structural relaxation at depths below the crystallization temperature 
isotherm cannot be included in the thermal model. The surface hardness in the amorphous 
alloys irradiated with lowest laser fluence (1.77 J/mm
2
) is 1360 HV. These processing 
conditions seem to have resulted in structural relaxation without any surface 
crystallization based on XRD analysis.  
Considering 1360 HV as the hardness limit for defining the depth of 
crystallization, the experimental data yields the depth of crystallization in the range of 35-
80 µm, which is relatively closer to the predicted depths. Clearly, the structural relaxation 
(medium-range ordering and/or annihilation of free volume) and formation of hard 
carbides at nano-scale particle size (typically less than 25 nm) in the amorphous matrix 
using laser surface irradiation presents an interesting possibility for relatively shallow 
surface hardening of these Fe-based amorphous alloys with multi-functional properties.  
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CHAPTER V 
 
 
CONCLUSIONS 
 
 Spark plasma sintering of amorphous powder (Fe48Cr15Mo14Y2C15B6) at sintering 
temperature of about 100 ºC lower than the crystallization temperature resulted in highly 
dense (~95%) fully amorphous compacts. Formation of crystalline Fe23(C, B)6 phases 
within a near-fully dense (~99%) amorphous matrix was observed at a sintering 
temperature close to glass transition temperature (which is significantly less than 
crystallization temperatures: Tx1 and Tx2). The near-full densification of the amorphous 
alloy powder was observed during the heating stage of the sintering cycle. Microstructure 
evolution in the sintered compacts indicated that density, degree of crystallinity, and 
mechanical properties can be effectively controlled by optimizing SPS processing 
parameters. Spark plasma sintering of Fe-based amorphous alloys in the supercooled 
region (630 ºC) resulted in near full densification of alloys (98.5% relative density). SPS, 
thus, presents tremendous potential for fabrication of ‘bulk’ amorphous and amorphous 
matrix composites at significantly lower temperatures and shorter times. 
 The SPS process can be effectively used for processing of multi-component Fe-
based bulk amorphous alloys and there in situ nano composites with controlled primary 
nano crystallization. EQ-SANS experiments showed significant scattering for the samples
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 sintered in supercooled region indicating local structural/compositional changes 
associated with the profuse nucleation of nano clusters (~4 nm). For the spark plasma 
sintered samples near and above crystallization temperature, the SANS data showed 
formation of interference maximum, which shifted to lower Q-range with increasing 
sintering temperature due to the formation and growth of (Fe,Cr)23C6 crystallites. The 
SANS data also indicated evolution of bimodal crystallite distribution at sintering 
temperatures above crystallization temperature possibly due to simultaneous nucleation 
of new crystals and growth of the existing nanocrystallites or the second crystallization 
event (Tx2, 683°C). It seems that the growth of primary nanocrystallites ceases due to the 
impingement of concentration gradient fields (soft impingement effect), leading to non-
random nucleation of crystallites near the primary crystallites.  
 Annealing of sintered samples above crystallization temperatures (700 ºC and 800 
ºC) resulted in partial devitrification, forming complex carbides of chromium and iron. 
The partial devitrification resulted in an increase in microhardness and wear resistance. 
The as-sintered (amorphous) and partially devitrified (annealed) samples exhibited strong 
indentation size effects, possibly due to combination of a various mechanisms, including 
non-crystalline flow defects (shear bands, free volume), strain softening, and surface 
effects (residual stresses). 
 Surface hardening of spark plasma sintered Fe48Cr15Mo14Y2C15B6 bulk 
amorphous alloys using a continuous-wave Nd:YAG laser is reported. The extent of 
hardening (surface hardness and depth) depends on the nature of structural changes from 
the thermal effects of laser–material interactions. For the laser fluence of 1.77 J/mm2, the 
general amorphous structure was retained (based on XRD analysis) after laser treatment. 
104 
 
 
The increase in hardness from about 1200 HV to 1360 HV (13% increase) in these 
samples is likely caused by structural relaxation (enhanced medium-range ordering or 
annihilation of excess free volume). At higher laser fluences (1.93 J/mm
2
, 2.12 J/ mm
2
, 
and 2.36 J/mm
2
), nanocrystallization forming M23C6- and M7C3-type hard carbides was 
observed, resulting in enhanced surface hardening. An about 30% increase in hardness 
(from 1200 HV to 1560 HV) is recorded for the samples irradiated with laser fluence of 
2.36 J/mm
2
. With the depth of hardening in the sub millimeter range, the laser surface 
processing presents an interesting possibility of relatively shallow hardening of Fe-based 
amorphous alloys with improved surface properties. 
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CHAPTER VI 
 
 
FUTURE WORK 
  
Efforts are required to process and characterize Fe-based bulk amorphous alloy 
composites. As we have observed plasticity couldn’t be induced after reinforcing Fe-
based amorphous alloys with in situ composites, ex situ Fe-based amorphous alloys 
should be processed and characterized in order to induce plasticity. Efforts should also be 
made to scale up the processing of Fe-based amorphous alloys in order to investigate the 
largest possible size that can be made using SPS technique. Formation of clusters (less 
than 5 nm) was observed in the supercooled region during SANS of SPS-sintered Fe-
based amorphous alloys. Preliminary TEM results shows formation of nanocrystallites 
and a concentric residual amorphous phase around these nanocrystals in the amorphous 
matrix. We have performed size distribution analysis using SANS considering crystallites 
as Fe23(C,B)6 and rest as amorphous phase. Exact composition of the crystallites and the 
residual amorphous phase is required to perform detailed analysis of distribution of 
crystallites and the residual amorphous phase in amorphous matrix which can be obtained 
using atom probe tomography (APT). Detailed TEM/EDS and APT is required to 
characterize the compositional variation in the crystallization behavior during SPS 
sintering of amorphous alloys.  During SPS sintering, high density direct current passes 
106 
 
through the surface of the powder at the contact points leading to localized 
overheating/melting [24].  This highly confined temperature rise leads to a temperature 
gradient from the surface towards the center of the powder. Few efforts are made to 
characterize the contact points/necking regions of SPS sintered amorphous alloys. 
Investigations which involve highly localized nanoscale/sub-micron regions should be 
performed using APT, TEM, and EDS analysis.   
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